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GENERAL INTRODUCTION 
The cytoskeleton is the term applied to an intracellular 
filamentous network found in most eukaryotic cells. This network 
remains intact after extraction of the soluble contents of the cell with 
nonionic detergents. In most types of cells, the cytoskeleton is 
composed of at least three distinct filamentous systems: (1) 
microtubules, which are 25 nm in diameter and composed primarily of 
tubulin and accessory proteins; (2) microfilaments, 6-8 nm in diameter, 
whose primary constituent is actin, but also contain varying amounts of 
nonmuscle myosin, tropomyosin, alpha-actinin, and other actin binding 
proteins; (3) intermediate (10 nm) filaments (Goldman et al., 1979). 
Muscle cells also contain thick filaments composed principally of myosin 
and small amounts of C protein (Craig and Offer, 1976). 
Five distinct classes of intermediate filaments are now recognized: 
(l) neurofilaments found only in neurons; (2) glial filaments found in 
astrocytes and cells of glial origin; (3) keratin (tono) filaments found 
in cells of epithelial origin; (4) desmin filaments characteristic of 
mature myogenic cells; (5) vimentin filaments detected in cells of 
mesenchymal origin and some vascular smooth muscle cells (Lazarides, 
1982). Although the major protein subunits of these intermediate 
filaments are immunologically and biochemically distinct, they have 
several common biochemical and morphological properties. They all form 
filaments which are approximately 10 nm in diameter, are relatively 
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insoluble at physiological pH and ionic strength, and all contain a 
relatively high alpha-helical content (Steinert, 1978; Mandelkow and 
Franke, 1980). 
The keratin filaments of epithelial cells are often considered the 
most atypical of the intermediate filaments. They are all 
heteropolymers composed of a selected number of polypeptides from a 
family with molecular weights varying from 40,000-65,000 (Steinert, 
1975; Sun and Green, 1978). They are highly insoluble in neutral 
aqueous buffers, but can be extracted with denaturing solvents plus a 
reducing agent (Steinert et al., 1976). Electrophoretic analysis has 
shown that keratin filaments from different epidermal layers show 
differences in subunit polypeptide composition (Fuchs and Green, 1978). 
Despite their marked heterogeneity, keratins from different sources show 
immunological crossreactivity, similarities in amino acid composition 
(Fuchs and Green, 1978), and similarities in in vitro polymerization 
properties (Steinert et al., 1976). 
Neurofilaments, along with microtubules, form the major portion of 
the cytoskeleton of neuronal axons, dendrites, and perikaryia. The two 
components appear to be cross-linked together (Wuerker, 1970). 
Electrophoretic examination has shown that mammalian neurofilaments are 
composed of three polypeptides with molecular weights of 200,000, 
160,000, auid 68,000 (Mori and Kurokawa, 1979). Using immunoelectron 
microscopy, Willard and Simon (1981) have shown that the 68,000-dalton 
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polypeptide forms the core of the neurofilament, and the larger subunits 
are peripherally associated with the central core in a periodic manner. 
They have also suggested that the 200,000-dalton polypeptide may be 
involved in cross-bridge formation. Geisler and Weber (1981a) have 
shown that the 68,000-dalton polypeptide is the only one capable of 
self-assembly into synthetic 10 nm filaments. 
The major subunit protein of intermediate filaments in astrocytes 
and glial cells is called glial fibrillary acidic protein (GPAP), a 
protein with a molecular weight of 54,000 as determined by sodium 
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Dahl and 
Bignami, 1975). Purified GFAP is capable of reassembly into synthetic 
10-nm filaments (Rueger et al., 1979). 
Intermediate filaments were first recognized in embryonic skeletal 
muscle by Ishikawa et al. (1968), and in smooth muscle by Uehara et al. 
(1971). It has been suggested that in association with the cytoplasmic 
dense bodies, they form an inelastic, cytoskeletal network that is 
anchored to the plasma membrane at both ends of the smooth muscle cell 
(Cooke and Fay, 1972). Using antibodies made to the 55,000-dalton 
protein remaining in tiie residue of a smooth muscle dense body 
preparation, Schollmeyer et al. (1976) showed that these antibodies 
bound specifically to smooth muscle intermediate filaments. This 
55,000-dalton protein was subsequently termed desmin by Lazarides and 
Hubbard (1976) and skeletin by Small and Sobieszek (1977). In this 
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dissertation, the term desmin will be used. Small and Sobieszek (1977) 
developed a procedure for the purification of desmin (skeletin) from an 
actomyosin-extracted hog stomach or chicken gizzard myofibril 
preparation. This residue was then extracted with 1 H acetic acid to 
preferentially solubilize the desmin (skeletin). The purified protein 
was reassembled into synthetic intermediate filaments by dialysis 
against 10 mH Na-acetate, pH 4*0, 
Because of the inability to duplicate the results of Small and 
Sobieszek (1977)> several other procedures have been developed for the 
purification of smooth muscle desmin (Fellini et al., 1978; Hubbard and 
Lazarides, 1979; Huiatt et al., 1980; Geisler and Weber, 1980). Huiatt 
et al. (1980) were the first to report a reproducible procedure for the 
purification of smooth muscle desmin free of actin contamination. This 
purification was accomplished by extraction of a crude intermediate 
filament preparation with 6 M urea. The solubilized desmin was then 
chromatographed on hydroxyapatite followed by DEAE Sepharose CL-6B in 
the presence of urea. Removal of the urea by dialysis against 10 mM 
Tris-acetate, pH 8.5, resulted in a soluble protein. The highly 
purified soluble desmin was capable of self-assembly when dialyzed 
against 150 mM NaCl, 10 mH imidazole-HCl, pH 7.0. These filaments 
closely resembled native intermediate filaments in morphology (Huiatt et 
al., 1980). This purification scheme provided the background for the 
purification of cardiac desmin and vascular smooth muscle vimentin 
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described in this dissertation. 
Using inanunofluoresence, Lazarides and Hubbard (1976) showed that 
antibodies to chicken gizzard desmin localized desmin in a filamentous 
pattern in smooth muscle cells, at the periphery of the Z-line in 
skeletal and cardiac myofibrils, and at the intercalated disc region of 
cardiac muscle. Examination by two-dimensional gel electrophoresis has 
shown that avian desmin is resolved into two isoelectric variants, beta 
and alpha, with alpha being the most acidic (izant and Lazarides, 1977). 
Mammalian desmin also exists as one major variant with a minor, more 
acidic variant, neither of which co-focuses with the avian desmin 
isovariants (Lazarides and Balzer, 1978; Gard et al., 1979; O'Connor et 
al., 1979). The most basic variant of both avian and mammalian desmin 
contains no phosphate, whereas the more acidic alpha variant contains 2 
moles of o-phosphoserine per mole of desmin (Steinert et al., 1982). 
Although immunofluoresence studies have shown that desmin in 
skeletal muscle is located at or near the Z-line (Lazarides and Hubbard, 
1976; Lazarides and Granger, 1978), 10-nm filaments have rarely been 
identified in normal, mature, skeletal muscle cells. On the basis of 
light microscope localization studies. Granger and Lazarides (1978) 
suggested that intermediate filaments in striated muscle serve to 
maintain myofibrils in register by linking them together at their Z-
lines, and to the plasma membrane or other membranous organelles. Nunzi 
and Franzini-Armstrong (1980) described filaments of approximately 10 nm 
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in diameter in amphibian skeletal muscle, but failed to show that they 
actually contained desmin. Using immunoelectron microscopy, Richardson 
et al. (1981) demonstrated that desmin is present as 10-nm filaments in 
avian skeletal muscle. These results were confirmed by Tokuyasu et al. 
(1983a) who used immunoferritin labeling of ultirathin frozen sections of 
chicken skeletal muscle. 
A procedure for the purification of skeletal muscle desmin was 
reported by 0'Shea et al. (1981). The residue remaining after the 
extraction of actomyosin and actin from well-washed porcine skeletal 
muscle myofibrils was extracted with 1 M acetic acid to solubilize the 
desmin. The soluble protein was then chromatographed in 6 M urea-
containing solutions on hydroxyapatite followed by DEAE Sepharose CL-6B. 
The purified desmin could be reassembled into 10-nm filaments by 
dialysis against 100 mM HaCl, 1 mM MgCl^, 10 mM imidazole-HCl, pH 7.0. 
The repolymerized filaments closely resembled native 10-nm filaments in 
appearance. These results suggested that desmin is the major component 
of intermediate filaments in skeletal muscle. 
In cardiac muscle, desmin has been localized by immunofluoresence 
to the periphery of the Z-line and to the intercalated disc region 
(Lazarides and Hubbard, 1976; Campbell et al., 1979; Richardson et al, 
1981; Fuseler and Shay, 1982). There have also been numerous reports of 
electron microscope observations of intermediate filaments in cardiac 
cells. They were observed in developing cardiac cells (Rash et al.. 
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1970), in mature cardiac muscle cells (Ferrans and Roberts, 1973), and 
in the cardiac muscle cells of rats that had been fed anabolic steroids 
(Behrendt, 1977). Intermediate filaments have also been observed in the 
Purkinje fibers (conducting cells) of the heart (Oliphant and Loewen, 
1976; Eriksson and Thomell, 1979). 
In Purkinje fibers, skeletin (one of the names given to the 55,000-
dalton intermediate filament subunit) constitutes 50-70 % of the total 
structural protein (Thornell et al., 1978; Stigbrand et al, 1979a). 
Taking advantage of the high skeletin content in the conducting cells, 
Eriksson and Thornell (1979) reported a method for the purification of 
skeletin from bovine Purkinje fibers. This protein could be reassembled 
at physiological pH and ionic strength into short, filamentous 
structures which were very irregular in appearance (Stigbrand et al., 
1979b). Examination by two-dimensional gel electrophoresis showed that 
skeletin from bovine Purkinje fibers exists as at least five or more 
isovariants (Thomell and Eriksson, 1981), whereas desmin from 
ventricular myocardium is present as two isovariants (Hartzer et al., 
1980; Thomell and Eriksson, 1981). Possible differences between the 
desmin from ventricular myocardium and the skeletin from Purkinje fibers 
will be discussed in this dissertation. 
Using immunocytochemical localization, desmin has been shown to be 
a major component of the intermediate filaments in ventricular cardiac 
myocytes (Richardson et al., 1981; Ip et al., 1983a; Tokuyasu et al.. 
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1983b). It has also been demonstrated that, in addition to the 
transversely oriented networks that surround myofibrils at or near the 
Z-lines, there are desmin-containing filaments that run parallel to the 
longitudinal axis of the myofibril (Tokuyasu, 1983). It has also been 
shown that desmin filaments in primary cultures of cardiac cells are 
anchored in the desmosomes, possibly in association with the recently 
discovered high molecular weight desmosomal proteins desmoplakin I and 
II (Kartenbeck et al., 1983). A similar desmosomal anchorage of 
intermediate filaments has not been observed in smooth or skeletal 
muscle cells. Desmin-containing intermediate filaments were not found 
to be attached to junctions of the fascia adhaerens type or to gap 
junctions in cardiac myocytes. (Kartenbeck et al., 1983). 
Recently, a procedure for the purification of desmin from bovine 
ventricular myocardium was reported (Price, 1984). This procedure was 
based almost entirely upon methods developed in this laboratory for the 
purification of skeletal desmin (O'Shea et al., 1981). Unfortunately, 
this newly reported procedure failed to remove all the actin 
contamination, and the filaments repolymerized from the partially 
purified protein were highly irregular in appearance. 
In order to better understand the function and biochemical 
properties of desmin from the working myocardium and to compare the 
properties of this protein with other intermediate filament proteins, we 
have developed a procedure for the purification of porcine cardiac 
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desmin to near homogeneity and have investigated some of its biochemical 
properties. The results of this study are presented in the section 
entitled "Purification and Selected Properties of Cardiac Desmin". 
Cells of mesenchymal origin as well as most types of cells grown in 
tissue culture express vimentin, an intermediate filament protein with a 
molecular weight of 58,000 as determined by SDS-PAGE (Franke et al., 
1978). This protein is sometimes referred to as decamin (Zackroff and 
Goldman, 1979). Vimentin was shown to be a major component of the 
cytoskeleton of chick embryo fibroblasts (Brown et al., 1976). Much of 
the early characterization of intermediate filaments in cells of 
mesenchymal origin was done using baby hamster kidney (BHK-21) cells 
(Starger and Goldman, 1977; Starger et al., 1978; Zackroff and Goldman, 
1979). But, the 10 nm filaments in BHK-21 cells were later shown to 
contain a mixture of two polypeptides, vimentin (decamin) and desmin 
(Tuszynski et al., 1979; Steiaert et al., 1980), whereas fibroblasts 
from all other sources examined so far have been shown to contain only 
vimentin (Brown et al., 1976; Osbom and Weber, 1977; Franke et al., 
1979b, Cabrai et al., 1981). 
The function of vimentin filaments in fibroblast-type cells appears 
to be cytoskeletal. There are reports of an association between 
vimentin filaments and both the nuclear and plasma membranes (Lehto et 
al., 1978; Small and Celis, 1978). Zieve et al. (1980) have shown that 
the mitotic spindle in metaphase cells is encased in a network of 
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vimentin filaments. These results suggest that vimentin filaments may 
play a role in maintaining the position of the nucleus and mitotic 
spindle. More recently, Traub et al. (1983) have shown that vimentin 
filaments associate ûi vitro with RNA and DNA, but the physiological 
significance of these interactions remains unclear. 
Vimentin has also been found in many vascular smooth muscle cells 
(Frank and Warren, 1981; Gabbiani et al., 1981). The earliest reports 
showed that smooth muscle cells in the aorta of man, cow, pig, rabbit, 
and hamster contain only vimentin, whereas rat aorta smooth muscle cells 
expressed both desmin and vimentin (Bemer et al., 1981; Frank and 
Warren, 1981; Gabbiani et al., 1981). Studies on rat thoracic aorta 
smooth muscle cells showed that three distinct cell types were present: 
those containing both vimentin and desmin, and those expressing either 
desmin or vimentin exclusively (Travo et al., 1982). Osbom et al. 
(1981) have shown in the rat aorta, that the number of desmin-containing 
cells is very low in the portion of the aorta nearest the heart, but 
increases gradually as the aortic distance from the heart increases. 
Smooth muscle cells in the smaller arteries, arterioles, and veins all 
were shown to contain desmin (Frank and Warren, 1981; Osbom et al., 
1981 ). It has been suggested that the number of desmin-containing cells 
in a blood vessel is directly related to its ability to contract (Frank 
and Warren, 1981). A more recent report (Schmid et al., 1982) showed 
that bovine, rat, and chicken aorta all contain substantial amounts of 
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desmin. Using two-dimensional electrophoresis, these authors failed to 
detect desmin in preparations of human aorta smooth muscle, but by using 
immunofluoresence, they were able to detect a sparse population of 
desmin-containing cells in human aorta. As part of this dissertation, I 
report a method for the preparation of highly purified vimentin from 
porcine aorta smooth muscle, a tissue which contains little, if any, 
desmin. Vimentin has also been purified from porcine eye lens (Geisler 
and Weber, 1981b) and Ehrlich ascites tumor cells (Nelson and Traub, 
1982; Nelson et al., 1982). 
The presence of vimentin in mature striated muscle cells has been 
the subject of considerable controversy. It is generally agreed that 
during myogenesis presumptive myoblasts express vimentin, and desmin 
expression does not begin until the onset of cell fusion (Bennett et al, 
1979; Gard and Lazarides, 1980). Bennett et al. (1979) did not find 
vimentin in myotubes after 14 days in culture, whereas Gard and 
Lazarides (1980) reported vimentin expression in myotubes after more 
than 20 days in culture. In agreement with Bennett and coworkers 
(1979), 0'Shea et al. (1981) used two-dimensional electrophoresis to 
show that vimentin was not present in mature porcine skeletal muscle 
cells. Osbom et al. (1982) have used immunofluoresence to show that 
antibodies to vimentin stain only the fibroblasts between muscle cells, 
and not the muscle cells themselves in sections of human, rat, and mouse 
tissue. In human and rat cardiac tissue, Altmannsberger et al. (1981) 
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used imraunofluoresence to show that vimentin antibodies stained the 
fibroblasts between myocytes, but that no staining occurred at the 2-
line or intercalated disc region of the myocytes. In contrast, Thome 11 
and Eriksson (1981) and Price (1984) have detected a small amount of 
vimentin in preparations of bovine ventricular myocardium by two-
dimensional electrophoresis. Price eind Lazarides (1983) using 
imraunofluoresence and immunoautoradiography detected some vimentin in 
adult chicken skeletal and cardiac Purkinje fibers, but not in adult 
working myocardium. As part of this dissertation, we have investigated 
the intermediate filament composition of mature porcine ventricular 
myocardium. 
The con^lete amino acid sequence of chicken gizzard desmin (Geisler 
and Weber, 1982) and mammalian vimentin (Geisler et al., 1983; Quax et 
al., 1983) have been deterrained. In both proteins, three major doraains 
were recognized: (1) a non-alpha-helical, arginine-rich araino-terminal 
headpiece of about 70 residues; (2) a rod-like middle domain of about 
340 residues; (3) a non-alpha-helical tail of about 50 residues. There 
are three alpha-helical segments within the rod section which are 
separated by two short, non-helical spacer regions. Within these alpha-
helical segments, the homology between the two proteins is about 85^ 
(Quax et al., 1983; Geisler and Weber, 1983). The amino-terminal 
headpiece is characterized by the presence of several beta turns 
(Geisler and Weber, 1982). In desmin, this headpiece contains no acidic 
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residues, and 15^ of the residues are arginine. It is likely that this 
region is responsible for the susceptibility of desmin and vimentin to 
proteolysis (O'Shea et al., 1979; Nelson and Traub, 1981) It is also 
likely that this region is the one recognized by desmin or vimentin 
specific antibodies (Geisler and Weber, 1982). Although SDS-PAGE yields 
a difference in molecular weight between vimentin and desmin of about 
3,000, sequence analysis has revealed that vimentin is only four 
residues longer than desmin (Geisler et al., 1983). 
At low ionic strength, pH 8.5» both purified desmin and vimentin 
exist as a structure 2-3 nm wide and 40-60 nm in length termed a 
protofilament (Stromer et al., 1981; Steinert et al., 1981). The 
arrangement of monomers within the protofilament has been the subject of 
considerable research. The first widely accepted model predicted that 
the protofilament was a triple stranded coiled-coil with all three 
chains in register (Steinert et al., 1980). But recent studies 
utilizing chemical cross-linking methods have argued in favor of a four 
chain protofilament consisting of two dimers, each in a coiled-coil 
conformation (Ahmadi and Speakman, 1978; Geisler and Weber, 1982; Pang 
et al., 1983). The exact arrangement of 1ùie polypeptide chains within 
the four-chain protofilament has yet to be determined. 
The next higher level of substructure within the intermediate 
filament is the 4»5 nm diameter protofibril/subfilament. The existence 
of protofibrils has been demonstrated by the disassembly of 
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neurofilaments (Krishnan et al., 1979), desmin filaments (Stromer et 
al., 1981), and keratin filaments (Aebi et al., 1983). The number of 
protofilaments within a protofibril has not been conclusively 
established, but Aebi et al. (1983) have suggested that a protofibril 
may be made up of two four-stranded protofilaments. 
When constructing a model to explain the structure of intermediate 
filaments, several observed features must be taken into account. When 
negatively stained preparations of intermediate filaments are examined 
in the electron microscope, they appear relatively smooth sided, but a 
20-22 nm axial periodicity can be detected (Huiatt, 1979)» When 
intermediate filaments were mixed with 50/6 glycerol, sprayed on a piece 
of mica, and then rotary shadowed, this 20-22 nm periodicity became 
accentuated, and the intermediate filaments appeared as "beads on a 
string" (Henderson et al., 1982; Milam and Erickson, 1982; Fowler and 
Aebi, 1983). A 46 nm periodicity has also been reported in keratin 
filaments (Steven et al., 1982; Aebi et al., 1983). 
Using scanning transmission electron microscopy (STEM), Steven et 
al. (1982, 1983a, 1983b) have shown that vimentin, desmin, and bovine 
epidermal keratin filaments have a mass per unit length of 36-37 
kdaltons/nm, and that the linear density was decreased at the ends of 
the filaments. Thus, any model proposed for the structure of 
intermediate filaments must conform to a mean linear density of 36-37 
kdaltons/nm. STEM observations have also suggested that the diameter of 
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unstained intermediate filaments is about 15 nm, whereas measurements of 
negatively stained intermediate filaments have shown them to be 8-12 nm 
in diameter. The material responsible for this extra width was reported 
to be leas dense than the material in the 8-10 nm central core and, 
therefore, too diffuse to exclude stain and be observed in negatively 
stained preparations (Steven et al., 1982, 1983a). 
Several models have been proposed for the structure of intermediate 
filaments. Aebi et al. (1983) have proposed a model in which 
intermediate (lO-nm) filaments are composed of four protofibrils 
arranged in a right-handed helix, but are less specific about the number 
and arrangement of protofilaments within the protofibril. Ip et al. 
(I983b) have proposed a model in which eight protofilaments, each 
staggered axially by 22 nm with respect to its neighbor, make up a 10-nm 
filament. This latter model was supported by electron microscope 
observations of vimentin filaments in early stages of assembly, and by 
the STEM observations and linear density measurements of Steven et al. 
(1982, 1983a, 1983b). A third model proposed by Crewther et al. (1983) 
suggested that the dimers within the protofilaments are arranged in an 
antiparallel, staggered fashion. This model also proposed that a 10 nm 
filament was composed of either seven or ten strands. Obviously, much 
additional research is required before the structure of intermediate 
filaments can be determined conclusively. 
When cells are grown in culture, they have been shown to express 
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vimentin along with the cell-type specific class of intermediate 
filament protein (Franke et al., 1979a; Osbom et al., 1980). In 
addition, vimentin and desmin aire both expressed during myogenesis 
(Bennett et al., 1979; Gard and Lazarides, 1980), and are both expressed 
in the baby hamster kidney (BHK-21) cell line (Gard et al., 1979; 
Tuszynski et al., 1979; Steinert et al., 1980). There are also two 
well-documented examples of the expression of two classes of 
intermediate filament proteins within the same cell ^  vivo. In certain 
astrocytes, both GFAP and vimentin are expressed (Yen and Fields, 1981), 
and in many vascular smooth muscle cells both desmin and vimentin are 
present (Gabbiani et al., 1981; Frank and Warren, 1981; Schmid et al., 
1982). 
In view of the similarity in molecular weight, amino acid sequence, 
and ability to reassemble into synthetic 10-nm filaments, the 
possibility of desmin and vimentin forming heteropolymeric intermediate 
filaments has been investigated. Steinert et al. (1981) showed that 
filaments formed from samples containing both desmin and vimentin in 
different ratios have disassembly characteristics intermediate between 
those of desmin and vimentin homopolymers. They also showed that the 
native intermediate filaments from baby hamster kidney (BHK-21) cells 
had disassembly characteristics similar to heteropolymers of vimentin 
and desmin, suggesting that the BHK-21 filaments were also 
heteropolymers. Using STEM, Steven et al. (1983a) showed that 
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vimentin/desmin heteropolymers had a linear mass density similar to that 
of desmin and vimentin homopolymers. Quinlin and Franke (1982) have 
used chemical cross-linking techniques to show that, in vascular smooth 
muscle cells and BHK-21 cells, desmin and vimentin are located 
sufficiently close to allow the formation of a disulfide bond between 
the two proteins. These results implied that desmin and vimentin are 
located within the same filament, but do not allow one to determine if 
the heterogeneity is at the protofilament level or within the 
protofilament. Heteropolymers of GFAP and vimentin in cultured human 
glioma cells were demonstrated using the same cross-linking technique 
(Quinlin and Franke, 1983). The presence of GFAP and vimentin within 
the same filament was demonstrated by Sharp et al. (1982) using 
immunoelectron microscopy on human glioma cells in culture. These 
results showed that the distribution of the two proteins within the same 
filament was nonuniform. As part of this dissertation, I have 
investigated in detail the copolymerization of desmin and vimentin in 
vitro by taking advantage of the difference in solubility of the two 
proteins at subphysiological ionic strength. I have also used 
immunoelectron microscopy to examine the distribution of the two 
proteins within the heteropolymeric intermediate filaments. 
The main body of this dissertation consists of three full length 
manuscripts which will be submitted for publication. The first paper 
describes a procedure for the purification of desmin from porcine 
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ventricular myocardium and presents a partial biochemical 
characterization of this protein. The properties of this protein aire 
compared with the reported properties of skeletin (desmin) from cardiac 
Purkinje fibers. The second paper describes a method for the 
purification of vimentin from the tunica media (smooth muscle layer) of 
the portion of porcine aorta nearest to the heart and examines selected 
properties of this protein. The third paper reports a systematic 
investigation of the effects of pH, ionic strength, divalent cation 
concentration, and reducing agents on the in vitro self-assembly 
properties of porcine cardiac desmin and porcine aorta vimentin and also 
examines the ability of these proteins to copolymerize into 
heteropolymeric intermediate filaments. Both physical methods and 
electron microscope observations were used in this investigation. 
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SECTION I. PURIFICATION AND SELECTED PROPERTIES 
OF PORCINE CARDIAC DESMIN 
20 
Purification and Selected Properties of Porcine Cardiac Desmin^ 
Muscle Biology Group, Departments of Animal Science, Biochemistry 
and Biophysics, and Food Technology, cooperating, 
Iowa State University, Ames, Iowa 30011 U.S.A. 
± Michael K. Hartzer'*', Richard H. Robson*, 
Frances LaSalle, and Marvin H. Stromer. 
Running Title: Selected Properties of Porcine Cardiac Desmin 
21 
^Muscle Biology Group, Departments of Animal Science, Biochemistry 
and Biophysics, and Food Technology, cooperating, Iowa State University, 
Ames, Iowa 50011 U.S.A. This research was supported in part by Grant 
HL-I5679 from the National Institutes of Health and grants from the 
Muscular Dystrophy Association, the American Heart Association, and the 
American Heart Association, Iowa Affiliate. This is Journal Paper J-
11589 of the Iowa Agriculture and Home Economics Experiment Station, 
Ames, Iowa, Projects 2351 and 2127. This paper is taken from a 
dissertation by M. K. Hartzer submitted to Iowa State University in 
partial fulfillment of the requirements for the Ph.D. degree. 
$ Present Address: Bascom Palmer Eye Institute, University of Miami 
Medical Center, PO Box 016880, Miami, FL 33101 
* Author to whom correspondence should be addressed. 
22 
FOOTNOTES 
-1 
Hartzer, M. K., Robson, R. H., Richardson, F. L., Rathbun, W. E., and 
Stromer, M, H. (1980) J. Cell Biol. 87, 178a, 
2 Abbreviations: EDTA, eth/lenediaminetetraacetic acid; SDS, sodium 
dodecylsulfate; ATP, adenosinetriphosphate; EGTA, ethylene glycol 
bis(beta-aminoethy1 ether)-N,N,N',N'-tetraaoetic acid; DTE, 
dithioerythritol; SDS-PAGE, polyacrylamide gel electrophoresis in the 
presence of sodium dodecylsulfate; DEAE, diethylaminoethy1; Tris, Tris-
(hydroxymethy1)-aminomethane; PMSF, phenylmethylsulfonyl fluoride; MCE; 
2-mercaptoethanol. 
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ABSTRACT 
In order to better understand the properties of the intermediate 
(lO-nm) filament protein desmin, a procedure has been developed for the 
purification of desmin from mature mammalian (porcine) ventricular 
myocardium. Desmin was solubilized in 8 M urea from the residue 
remaining after actomyosin extraction of cardiac myofibrils. The desmin 
was purified in 6 M urea-containing solutions by successive batch 
chromatography on DEAE-cellulose and hydroxyapatite. Final purification 
by column chromatography in 6 M urea on DEAE-Sepharose CL-5B resulted in 
desmin that was over 95^ pure with no detectable actin or vimentin 
contamination. Removal of urea by extensive dialysis against 1 mM DTE, 
10 mM Tris-acetate, pH 8.5» results in a clear, soluble protein 
solution. Examination by two-dimensional gel electrophoresis shows that 
desmin migrates as one major and one minor isoelectric variant. This 
pattern is similar to those reported for other mammalian desmins, but 
differs from the pattern reported for skeletin (desmin) prepared from 
bovine heart conducting cells (Thomell, L.- E., & Eriksson, A. (1981) 
Am. J. Physiol., 241, H291-H305). Amino acid analysis shows that 
cardiac desmin is similar in composition to other desmins from avian and 
mammalian muscle. Circular dichroism spectra of the soluble desmin 
indicates an alpha-helical content of 41^ as measui-ed at 208 nm. 
Antibodies to cardiac desmin decorate primarily the 2-line and 
intercalated disc regions of porcine cardiac myofibrils when examined by 
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immunofluoresence. Dialysis of purified soluble desmin against 100 mH 
NaCl, 1 mH MgCl^, 10 mH imidazole-HCl, pH 7.0, results in a marked 
increase in viscosity and formation of filaments having a diameter of 9 
to 11.5 nm and a morphology similar to native muscle 10 nm filaments. 
That the small amount of desmin present in cardiac muscle can be highly 
purified and shown to form 10-nm filaments ^  vitro supports the 
postulated cytoskeletal role for this protein in mature myocardial 
cells. 
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INTRODUCTION 
It is now established that intermediate (lO-nm) filaments are a 
major constituent of the cytoskeleton in virtually all types of 
vertebrate cells, although the role(s) of these filaments remains 
unclear (Lazarides, 1980; 1982; Osbom et al., 1982). Based primarily 
upon immunological and electrophoretic studies of their major subunit 
proteins, intermediate filaments can be subdivided into five distinct 
classes (Lazarides, 1980; 1982; Osbom et al., 1982), namely, 
tonofilaments and epidermal keratin filaments of epithelia-derived cells 
(cytokeratins), neurofilaments (neurofilament protein), glial cell 
filaments (glial fibrillary acidic protein), intermediate filaments in 
mesenchymally derived non-muscle cells (vimentin), and intermediate 
filaments of differentiated muscle cells (desmin). Some cell types 
express two classes of intermediate filaments proteins, but in all 
cases, one of these is vimentin (Franke et al., 1979; Gard et al.,1979; 
Gabbiani et al., 1981; Frank and Warren, 1981; Osbom and Weber, 1982; 
Osbom et al., 1982). 
In cardiac muscle cells, desmin has been localized to the Z-line and 
intercalated disc region by immunofluoresence studies using polyclonal 
antibodies to avian gizzard desmin (Lazarides and Hubbard, 1976; 
Campbell et al., 1979; Richardson et al., 1981; Fuseler and Shay, 1982). 
In general, there have been only a few reports of 10-nm filaments in 
cells of the working myocardium as observed by conventional microscopy 
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(Viragh and Challice, 1969; Rash et al., 1970; Ferrans and Roberts, 
1973; Behrendt, 1977; Forbes and Sperelakis, 1980; Moses and Delcarpio, 
1983). They are much more prevalent in heart Purkinje fibers (Oliphant 
and Loewen, 1976; Eriksson and Thomell, 1979). It has been proposed 
that intermediate filaments in both cardiac and skeletal muscle surround 
the periphery of the Z-lines, linking adjacent myofibrils together at 
the Z-line level auid to the sarcolemma or other membranous organelles 
(Lazarides, 1980; Lazarides et al., 1982). In addition to the 
transversely oriented network of intermediate filaments at the Z-line 
level in cardiac muscle, there exists some longitudinally oriented 
intermediate filaments in the spaces between myofibrils (Tokuyasu, 
1983). Skeletin (desmin) has been purified from bovine Purkinje fibers, 
but is seemingly different from desmins of smooth and skeletal muscle 
when examined by two dimensional electrophoresis (Stigbrand et al., 
1979b; Thomell and Eriksson, 1981). And, the synthetic filaments 
formed from the purified Purkinje skeletin (desmin) (Stigbrand et al., 
1979a) bore little resemblance to the native (Huiatt et al., 1980) or 
synthetic desmin filaments observed in other studies (Huiatt et al., 
1980; O'Shea et al., 1981; Stromer et al., 1981). 
As part of our continuing study of intermediate filaments of muscle 
cells (O'Shea et al, 1979» 1981; Huiatt et al., 1980; Stromer et al., 
1981; Hartzer et al, 1982; Ip et al., 1983; Pang et al., 1983), we 
present here a method for the purification of desmin from porcine 
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ventricular myocardium . The purified desmin is capable of self-
assembly into intermediate filaments at near physiological conditions of 
pH cind ionic strength that closely resemble synthetic 10-nm filaments 
observed with smooth (Huiatt et al., 1980; Geisler and Weber, 1980) and 
skeletal (O'Shea et al., 1981) muscle desmins. 
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EXPERIMENTAL PROCEDURES 
Unless specified, all steps were carried out at 0-4°C in a cold room 
or on ice. Solutions were prepaired with double-deionized distilled 
water that had been redistilled in glass and stored in polyethylene 
containers. Adjustment of pH was done at the temperature at which the 
2 buffer was used. PHSF , when used, was added just prior to use. All 
urea solutions used in this preparation were made from a stock 8 M 
solution which had been just passed through an Amberlite MB-3 mixed bed 
ion exchange resin column (Mallinckrodt Chemical Works, St. Louis, MO) 
to remove heavy metal suid cyanate ion contamination. After 
deionization, the urea was stored at 0-4°C to minimize cyanate ion 
formation. 
Preparation of washed myofibrils 
Porcine hearts from 90-110 kg pigs were obtained immediately after 
death from a local slaughterhouse and immersed in ice. Only the left 
ventricles, with the epicardium and the endocardium trimmed away, were 
used. The muscle was cut into small pieces, which were washed in 5 vol 
(v/w) of 5 mM EGTA^, pH 7.2, 0.1 mM PMSF solution and ground in a 
prechilled meat grinder having 1-mm holes. Most preparations were 
started with 800 g of ground muscle, and all solution volumes are based 
on the wet weight of the ground tissue at this stage. The ground muscle 
was suspended in 5 vol (v/w) of 5 mM EGTA, pH 7.2, O.ImM PMSF, and 
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homogenized by four 15-s bursts in a Waring blender. A small sample of 
the sediment and supernatant from each step was saved for 
electrophoretic analysis. The homogenized muscle was then centrifuged 
at 2000^ (r^^ 29.7 cm) for 10 min. These sedimentation conditions were 
used to collect the myofibrils after each of the following washes. 
After each sedimentation, the myofibrils were resuspended by 
homogenization in a Waring blender for 15 s. The myofibrils were washed 
three times with 5 vol standard salt solution (100 mM KCl, 1 mM NaN^, 
0.1 mM PMSF, 2 mM EGTA, 20 mM potassium phosphate, pH 6.8), with the 
last two washes containing 1^ Triton X-100. The myofibrils then were 
washed in 5 vol of 5 mM EDTA^, 0.1 mM PMSF, 1^ Triton X-100, 50 mM 
Tris^-HCl, pH 7.6, followed by one wash in 5 vol. 150 mM KCl, 0.1 mM 
PMSF, 5niM EDTA, pH 7.0 . 
Preparation of actomyosin-extracted residue 
The washed myofibrils were resuspended in 5 vol of 500 mM NaCl, 5 mM 
EDTA, 5 mM ATP^ (added just prior to use), 1 mM cysteine, 0.1 mM PMSF, 
40 mM imidazole-HCl, pH 7.0, by homogenization using a 15-s burst in a 
Waring blender. The solution was stirred gently using aui overhead 
stirrer for 1 h, and then centrifuged at 14,000^ (r^^ 15.2 cm) for 20 
min. This extraction and sedimentation step was repeated and the 
sediment stored overnight on ice. The sediment was resuspended in 5 
vol 1 M KI, 5 mM EDTA, 0.1 mM PMSF, 20 mM imidazole-HCl, pH 7.0, by 
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homogenization as above, stirred gently using an overhead stirrer for 1 
h, and oentrifuged at 14,000^ for 20 min. This extraction and 
sedimentation step was repeated. The sediment was then washed twice in 
5 vol distilled water. 
Urea extraction and batch chromatography of desmin 
The actomyosin-extracted residue was homogenized at high speed in a 
Waring blender for 30 s in 2 vol of 8 M urea, 0.1# HCE^, 10 mM 
imidazole-HCl, pH 7.0, stirred with an overhead stirrer for 1 h, and 
oentrifuged at 14,000^ (r^^ 15.2 cm) for 30 min. The supernatant was 
saved. The sediment was rehomogenized in the 8 M urea-containing 
solution, stirred, and oentrifuged as above. A small sample of the 
pellet was saved for electrophoretic analysis, and the rest was 
discarded. Both supematants were added to 500 ml packed volume of 
DEAE^-cellulose (DE-52, Whatman Ltd, Springfield Mill, Maidstone, Kent, 
U.K.) and stirred gently with an overhead stirrer for 1 h. The DEAE-
cellulose had been previously equilibrated in 6 M urea, 0.1# MCE, 20 mM 
imidazole-HCl, pH 7.0. The DEAE-cellulose/protein suspension was 
stirred gently for 1 h, oentrifuged at 14,000j[ for 15 min., and the 
supernatant discarded. The DEAE-cellulose was then washed twice with 3 
1 of 6 M urea, 100 mM NaCl, 0.1$ MCE, 10 mM imidazole-HCl, pH 7.0, and 
oentrifuged at 14,000^ for 15 min. The supernatant was discarded. The 
DEAE-cellulose, which still had the desmin bound to it, was then washed 
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twice with 3 1 of 6 M urea, 200 mM NaCl, 0.1# MCE, 10 mM imidazole-HCl, 
pH 7.0, to free the desmin, and centrifuged at 14,000^ for 15 min. The 
latter two supematants were combined and added to 300 nl packed volume 
of hydroxyapatite (Bio-Gel HT, Bio-Rad Laboratories, Richmond, CA.) and 
stirred gently for 1 h using an overhead stirrer. The hydroxyapatite 
had been previously equilibrated in 6 M urea, 0.1# MCE, 20 mM imidazole-
HCl, pH 7.0. The hydroxyapatite/protein suspension was centrifuged at 
1200^ ^ ^av c™) for 5 min and the supernatant was discarded. The 
hydroxyapatite was then washed twice with 2 1 of 6 M urea, 10 mM sodium 
phosphate, 0.1$ MCE, 10 mM imidazole-HCl, pH 7.0, and centrifuged at 
1200^ for 5 min. The supernatant was discarded. The hydroxyapatite, 
which still contained the adsorbed desmin, was then washed twice with 2 
1 of 6 M urea, 35 mM sodium phosphate, 0.1# MCE, 10 mM imidazole-HCl, pH 
7.0, to release the desmin, and centrifuged at 1200^ for 5 min. The 
latter two supematants were combined and centrifuged at 14,000^ for 20 
min to remove any suspended hydroxyapatite. The supematants were 
filtered through Whatman 541 paper, concentrated to a volume of 100 ml 
using an Amicon DC2 hollow fiber dialyzer/concentrator (Amicon 
Corporation, Lexington, MA), aind then dialyzed against 1 1 of 6 M urea, 
0.1# MCE, 10 mM imidazole-HCl, pH 7.0, using the Amicon DC2. 
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Column chromatography 
The dialyzed supernatant resulting from hydroxyapatite batch 
chromatography was clarified at 143»000^for 1 h. The supernatant was 
loaded onto a 1.5 X 30 cm column of DEAE-Sepharose CL-6B (Pharmacia Fine 
Chemicals, Inc., Piscataway, Nj). The column previously had been 
equilibrated with 4 column volumes of 6 M urea, 0.1 % MCE, 50 mM NaCl, 
10 mM imidazole-HCl, pH 7.0. The column was eluted at a flow rate of 15 
ml/h using a precise, linear 50 to 250 mM NaCl gradient generated by 
using an LKB 11300 Ultrograd gradient maker (LKB Instruments, Inc., 
Rockville, MD). Five ml fractions were collected auid analyzed for the 
presence of desmin by one-dimensional SDS-PAGE. Fractions containing 
desmin were pooled. The salt gradient was monitored by titration of 
aliquots of selected fractions with AgNO^ (Robson et al., 1970). 
2 The urea was removed by extensive dialysis against 1 mM DTE , 10 mM 
Tris-acetate, pH 8.5» followed by dialysis against 10 mM Tris-acetate, 
pH 8.5. The desmin was then clarified by centrifugation at 143,000^ for 
1 h. After clarification, the purified desmin was present in the 
supernatant at a concentration of 1-2 mg/ml. If necessary, it could be 
further concentrated up to 8 mg/ml using an Amicon ultrafiltration cell 
and Amicon PM-10 membrane. The purified desmin could then be stored 
under and toluene vapor at 0°C for at least two weeks without 
degradation of the protein. 
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One dimensional SDS-PAGE^ 
SDS-PAGE was performed using a discontinuous Tris/glycine buffer 
system (Laemmli, 1970) with a 3% acrylamide (75 to 1 w/w ratio of 
acrylamide to methylenebisacrylamide used in both the stacking and 
separating gel) stacking gel and a 12$ acrylamide separating gel. 
Samples were prepared for electrophoresis by the method of O'Shea et al. 
(1981). The gels were stained overnight in 0.1# Coomassie brilliant 
blue R250 (Sigma Chemical Co., St. Louis, MO), 40# (v/v) methanol, 7# 
acetic acid. The gels were destained in 5# methanol, 1% acetic acid. 
Molecular weights were estimated from plots of log versus relative 
mobility (Weber and Osbom, 1969) by comparison with proteins of 
established subunit molecular weight (myosin heavy chain, alpha actinin, 
actin, tropomyosin). 
Two dimensional electrophoresis 
The method of O'Farrell (1975) was used for isoelectric focusing in 
the first dimension in 4# polyacrylamide gels (2.5 x 120 mm). Samples 
insoluble in denaturing solvents were extracted overnight with 8 M urea 
at 0-4°C and then centrifuged at 143,000^ for 1 h. The supematants 
were then equilibrated in sample buffer as described for soluble samples 
(O'Farrell, 1975). SDS-PAGE in the second dimension was done on 10# 
polyacrylamide slab gels by the method of Allen et al. (1978) using the 
Laemmli (1970) buffer system. The staining and destaining protocols 
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were identical to those used for one dimensional electrophoresis. 
CD spectra 
Ultraviolet circular dichiroic spectra were measured at 26°C in 1-nun 
path length cells using a Gary model 60 spectropolarimeter equipped with 
a CD attachment. The desmin (0.1 mg/ml) had been dialyzed against 3 mM 
sodium phosphate, pH 8.5, and clarified at 143,000^ for 1 h. The 
percentage of alpha-helical content of purified desmin was determined by 
Method I as described by Greenfield and Fasman (1969). 
Electron microscopy 
Desmin filaments were prepared by dialyzing purified desmin (0.1-0.2 
mg/ml) against 100 mH NaCl, 1 mM MgClg, 10 mM imidazole-HCl, pH 7.0. 
Negatively stained preparations of the filaments were prepared by 
placing a drop of the protein suspension on a 400-mesh copper grid 
covered with a carbon support film that previously had been glow 
discharged. After standing for 30 s, the grid was washed gently with 5-
8 drops of distilled water and then stained with 1.5% aqueous uranyl 
acetate for 1-2 min. Excess stain was removed by touching the grid with 
a piece of filter paper, and the grid was allowed to air dry. 
Preparations were examined immediately using an RCA EHU-4 electron 
microscope operated at 100 kV. 
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Immunological techniques 
Antibodies against porcine cardiac desmin were raised in a white 
male New Zealand rabbit. The chromatographically-purified desmin was 
electrophoretically purified by the method of Richardson et al. (1981). 
The protein (l mg/ml) was injected twice, 14 days apart, both 
subcutaneously and intramuscularly in the thigh. The desmin was 
suspended in complete Freund's adjuvaint for the first injection and in 
incomplete Freund's adjuvant for the second injection. The preimmune 
seirum was tested for the presence of autoantibodies to desmin by 
indirect immunofluoresence. The rabbit was bled at 10 to 14 day 
intervals starting two weeks after the last injection. The specificity 
of the antisera was determined by immunoautoradiography (Towbin et al., 
1979) using a Bio-Rad Trans-Blot cell (Bio-Rad Laboratories, Richmond, 
CA). Indirect immunofluoresence was performed by the procedure of 
Richardson et al. (1981) on porcine cardiac myofibrils that had been 
prepared by the method of Dayton et al. (1975). 
Other procedures 
Protein concentrations were determined by the Folin-Lowry method 
(Lowry et al., 1951) or by the biuret method (Gomall et al., 1949) as 
modified by Robson et al. (1968). The absorbtion spectrum of desmin was 
measured in a Gary model 1605 spectrophotometer. Samples for amino acid 
analysis were hydrolyzed in vacuo for 24, 72, and 96 h in 6 N HCl at 
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110°C. Five yl of ^0% phenol were added to protect tyrosine. Cystine 
and cysteine were measured as cysteic acid (Hirs, 1967). Analyses were 
performed on a Durrum D-4OO Amino Acid Analyzer* 
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RESULTS 
Preparation of purified cardiac desmin 
Purification of the small amount of desmin present in heart muscle 
was accomplished in the following manner; (1) preparation of washed 
myofibrils, (2) removal of thick and thin filament components by high 
ionic strength extraction, (3) solubilization of desmin in urea, (4) 
purification by a two-step batch chromatography procedure followed by a 
one step column chromatography procedure. The rationale for this 
procedure is based in part upon the results of Small and Sobieszek 
(1977) and Huiatt et al. (1980) in studies on avian smooth (gizzard) 
muscle, and those of O'Shea et al. (1981) in studies on skeletal muscle 
desmin. However, several important modifications weire necessary. As 
shown in Figure 1, Lane A, porcine cardiac desmin, which migrates at a 
molecular weight of 55,000 in the gel system used for this study, is 
clearly detectable in the ventricular myocardial homogenate. The desmin 
makes up a slightly hi^er percentage of the total protein in the washed 
myofibrils (Figure 1, Lane B). Preparation of the washed myofibrils 
results in the removal of a prominent species that migrated just ahead 
(approx. 53,000 daltons) of the desmin in the original homogenate. The 
high ionic strength extraction of the washed myofibrils with the two 500 
mM NaCl-containing solutions (Figure 1, Lane C) leaves a residue 
enriched in desmin, partially depleted in myosin (2G0K) and almost 
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totally depleted of tropomyosin (major band at approx. 34>000 daltons in 
earlier two fractions shown). The two extractions with the 1 M KI-
containing solution removed a significant amount of actin aind left a 
residue (Figure 1, Lane D) considerably enriched in desmin. The four 
major identifiable proteins remaining in the residue were residual 
myosin and approximately equal amounts of actin, desmin, and alpha-
actinin. Extraction of this residue with the 8 M urea-containing 
solution solubilized most of the protein (Figure 1, Lane E) present. 
Much of the protein remaining in the residue (not shown) after the 
second urea extraction was probably connective tissue, and could not be 
solubilized even by boiling in 5$ SDS, 1$ MCE. This residue contained 
no obvious desmin. 
During the batch chromatography procedure with DEAE-cellulose, much 
of the urea-extracted protein did not bind to the DEAE-cellulose and 
included primarily myosin, alpha-actinin, an unknown 160 kDa protein, 
and a unknown 130 kDa protein (not shown). The 100 mM NaCl wash (see 
Experimental Procedures) of the DEAE-cellulose removed more of the above 
mentioned proteins, along with a substantial amount of the remaining 
actin (not shown). Nearly all the desmin remained bound to the DEAE-
cellulose until it was released by the 200 mM NaCl wash. Desmin was the 
major protein present in this fraction (Figure 1, Lane F), but other 
proteins still present in significant quantities were actin (42K), 
alpha-actinin (100K), myosin (200K), several bands migrating slightly 
Figure 1. SDS-PAGE analysis of major fractions obtained during the 
purification of cardiac desmin 
A, original ventricular myocardial homogenate; B, washed 
myofibrils; C, residue remaining after second high ionic 
strength extraction with 500 mM NaCl-containing solution; D, 
actomyosin-extracted residue remaining after the second water 
wash following the two extractions with the 1 M Kl-containing 
solutions; E, protein solubilized in the 3 M urea extraction 
of the actomyosin extracted residue; F, protein after DEAE-
cellulose batch chromatography; G, desmin after 
hydroxyapatite batch chromatography. A total of 15 yg 
protein was loaded on each lane, except for lane E, which was 
loaded with 20 yg protein 
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faster than myosin heavy chain, and a species at about 240 kDa, perhaps 
filamin. 
Batch chromatography with hydroxyapatite substantially increased the 
purity of the desmin. Proteins which did not bind to the hydroxyapatite 
included much of the myosin and other high molecular weight proteins. 
The 10 mM sodium phosphate wash (see Experimental Procedures) removed 
more of the remaining actin. The 35 mM sodium phosphate wash removed 
nearly all the desmin from the hydroxyapatite. At this stage (Figure 1, 
Lane G), the desmin routinely made up approximately 85/6 of the protein 
present in the fraction as determined by gel densitometry (method 
described in Huiatt et al., 1980). The band at about 49 kDa is a 
putative proteolytic degradation product of desmin (O'Shea et al. 1979; 
Geisler et al., 1982). A small amount of actin (42K) was still present 
at this stage, along with traces of alpha-actinin and other higher 
molecular weight proteins. 
Essentially all the remaining contaminants were removed by ion 
exchange chromatography on DEAE Sepharose CL-6B in the presence of urea 
(Figure 2). The majority of the actin contaminant was eluted in the 
first peak (Figure 2; inset. Lane B). The leading edge of the second 
peak contained a small amount of high molecular wei^t contaminants 
along with some desmin (not shown). The highly purified desmin eluted 
in the central portion of the second peak (Figure 2; inset. Lane C) at a 
NaCl concentration of 145 to 160 mH NaCl. In addition to desmin, the 
Figure 2. Elation profile of hydroxyapatite batch chromatography 
purified cardiac desmin from a DEAE-Sepharose CL-6B column 
A total of 110 mg of protein in 180 ml solution was loaded on 
the column and eluted as described in the Experimental 
Procedures. The inset shows SDS-PAGE analysis of three 
pooled fractionst A, hydroxyapatite batch chromatography 
purified desmin prior to loading on the column; B, fraction 
1; C, fraction 2; D, fraction 5. All lanes except B were 
loaded with 15 y g of protein; lane B was loaded with 8 yg of 
protein. Fraction 2 (lane C) is the purified desmin used in 
this study. 
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Figure 3. Two-dimensional gel electrophoresis of fractions obtained 
during the purification of desmin 
The directions of migration in both dimensions are as 
indicated. The acidic end of the pH gradient in the 
isoelectric focusing dimension is to the left. Spots 
corresponding to the isoelectric variants of actin, desmin 
and tropomyosin (T14) are labelled. A, 8 M urea extract of 
original ventricular myocardial homogenate; B, 8 M urea 
extract of washed myofibrils; C, DEAE-cellulose batch 
chromatography purified desmin; D, purified cardiac desmin 
after DSAE-Sepharosa CL-6B column chromatography. High-
molecular-weight polypeptides such as myosin heavy chains do 
not enter the isoelectric focusing gel and are not resolved. 
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trailing edge of the second peak (Figure 2; inset, Lane D) contained 
much of the 49 kDa desmin degradation product, a low molecular weight 
contaminant, and occasionally traces of actin. Only the central portion 
of the second peak (Figure 2; inset Lane C) was collected and used for 
experiments on purified desmin. The purified desmin was routinely 
greater than 95^ pure as determined by quantitative densitometry of 
stained gels. From preparations started with 800 g of ground 
myocardium, a yield of 45 to 55 mg of purified desmin was routinely 
obtained. 
Selected properties of purified cardiac desmin 
Two dimensional electrophoretic analysis Samples from selected 
steps in the purification of cardiac desmin were analyzed by two-
dimensional gel electrophoresis. An 8 M urea extract of original 
ventricular myocardial homogenate (Figure 3A) shows that desmin migrates 
as a major isoelectric variant and a minor acidic variant with a 
molecular weight of 55,000. These correspond to the alpha (minor) and 
beta (major) variants observed in purified skeletal muscle desmin 
Co'Shea et al., 1981), in whole bovine myocardium (Thomell and 
Eriksson, 1981), and in crude residues of myofibrils from avian 
myocardium (izant and Lazarides, 1977; the avian variants are slightly 
smaller in molecular weight and differ somewhat in isoelectric pH). The 
pattern shown in Figure 3A, however, differs significantly from the two 
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dimensional gels of bovine Purkinje fibers (Thomell and Eriksson, 
1981). Actin is present only as the sarcomeric alpha actin variant 
(Figure 3A). This was verified (not shown) by co-migration with 
purified porcine skeletal (alpha) actin and gizzard actin (primarily 
gamma actin) (Rubenstein and Spudich, 1977; Zechel and Weber, 1978). 
The two tropomyosin subunits (alpha and beta) can also be identified. 
In the 8 M urea extract of the washed myofibrils, desmin is again 
primarily present as one major and one minor, more acidic variant 
(Figure 3B). After batch chromatography with DEAE-cellulose (Figure 
3C), the tropomyosin is absent and only a small amount of alpha-actin 
remains. The desmin is still present as two variants. Examination of 
the highly purified cardiac desmin by two dimensional gel 
electrophoresis (Figuire 3D) shows that the actin and other contaminants 
have been removed. The migration and pattern of the desmin variants 
(Figure 3D) were identical to those of desmin in the original myocardial 
homogenate. An extremely minor spot, migrating just to the basic side 
of the major desmin variant and detectable as early as the washed 
myofibril stage in the preparation, may be an additional very minor 
variant of desmin. It may also be due to a slight charge modification 
in a small amount of desmin which occurs during purification. 
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Amino acid composition, ultraviolet absorption, and CD spectra 
The amino acid composition of purified porcine cardiac desmin is shown 
in Table I. Values obtained for porcine skeletal desmin and avian 
gizzard desmin (O'Shea et al., 1979) and bovine Purkinje skeletin 
(desmin) (Stigbrand et al., 1979b) are shown for comparison. There is 
close similarity between the two mammaliam porcine desmins. The avian 
desmin is also similar, but exhibits some differences (e.g., asp, ser, 
pro, gly, val, met, leu, arg). Comments on the bovine cardiac Purkinje 
skeletin (desmin) will be in the Discussion. 
Measurement of the ultraviolet absorption spectrum of purified 
cardiac desmin in 10 mH Tris-acetate, pH 8.5, indicated a maximum at 278 
15ê 
nm and a measured E 273 5.61. The relatively low value determined 
for the extinction coefficient can be explained by the paucity of 
aromatic amino acid residues in desmin. The ratio of absorbance at 278 
nm to that at 260 nm was 1.64. The ultraviolet circular dichroic 
spectrum of soluble cardiac desmin in 5 mH sodium phosphate, pH 8.5, 
(Figure 4) indicated two negative extrema at 222 and 208 nm. This 
spectrum is typical of em alpha-helical protein. Using Method I as 
described by Greenfield and Fasman (1969), a value of 41)5 alpha-helix 
was calculated from the meaui residue ellipticity at 208 nm. This is in 
close agreement with other published values for intermediate filament 
proteins (Huiatt et al., 1980; Steinert, 1978; Cabrai et al., 1981). 
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Table 1: Amino acid analysis of cardiac desmin^ 
Amino Porcine Porcine Avian Bovine 
acid cardiac skeletal® gizzard® Purkinje' 
Asp 9.9 ±0.5 9.7 ±0.2 8.6 ±0.2 10.9 
Thr 5.1 ±0.1 5.5 ±0.1 5.6 ±0.1 6.4 
Ser 7.4 ±0.2 7.1 ±0.5 6.0 ±0.1 6.4 
Glu 18.9 ±0.5 17.6 ±0.5 19.9 ±0.4 21.0 
Pro 2.5 ±0.2 3.6 ±0.2 1.8 ±0.1 2.6 
Gly 5.4 ±0.5 6.4 ±0.5 4.0 ±0.1 5.2 
Ala 9.4 ±0.1 9.2 ±0.1 9.3 ±0.2 9.9 
Cys 0.3 ±0.0 0.5 ±0.0 0.3 ±0.0 0.0 
Val 5.8 ±0.2 6.0 ±0.1 5.2 ±0.3 5.2 
Met 1.8 ±0.1 1.8 ±0.1 2.6 ±0.1 1.9 
lie 3.9 ±0.1 4.1 ±0.1 4.4 ±0.1 4.3 
Leu 9.8 ±0.5 9.4 ±0.2 10.8 ±0.4 9.4 
Tyr 2.8 ±0.1 2.8 ±0.1 2.9 ±0.1 2.2 
Phe 2.9 ±0.1 5.0 ±0.1 2.8 ±0.1 2.9 
Lys 4.9 ±0.3 5.1 ±0.2 4.9 ±0.2 4.1 
His 1.4 ±0.1 1.4 ±0.0 1.6 ±0.1 1.0 
Arg 8.5 ± 0.5 7.7 ±0.5 9.3 ±0.2 6.6 
^All values are expressed as mole percent. 
^Data are means plus or minus standard error of triplicate 
analyses on four separate preparations of cardiac desmin. 
°From O'Shea et al. (1979). 
^From Stigbrand et al. (I979b). 
Figure 4« Ultraviolet circular dichroic spectrum of purified 
unpolymerized cardiac desmin 
The spectrum was measured in 5 mM sodium phosphate, pH 8.5, 
at a protein concentration of 0.1 mg/ml. Cell path length 
was 1 mm and temperature was 26°C. A value of 113.3 was 
calculated from the amino acid composition and used for the 
mean residue weight. 
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SeIf-asaembly of intermediate filaments The purified cardiac 
desmin existed largely in a protofilamentous form (i.e., 2 nm x about 50 
nm particles) in the 10 mM Tris-acetate, pH 8.5 solution (Stromer et 
al., 1981). When the desmin (0.1-0.2 mg/ml) was dialyzed against the 
polymerization buffer (100 mM NaCl, 1 mM MgCl^, 10 mM imidazole-HCl, pH 
7.0) at 2°C, negatively stained, and examined in the electron microscope 
(Figure 5)> the desmin had formed filaments that were similar in 
morphology to native or self-assembled (from purified gizzard desmin) 
turkey gizzard intermediate filaments (Huiatt et al., 1980). The 
reconstituted filaments from the cardiac desmin were 9-11«5 nm in 
diameter and relatively smooth-sided. Measurement of filament lengths 
was difficult, but in many cases filaments with lengths of several 
micrometers could be observed. Some of the filaments tended to be 
aggregated side-to-side and side-to-end, but some of this apparent 
aggregation may be due simply to the arrangement of the filaments on the 
carbon film. When filaments were formed at higher protein 
concentrations, they tended to be even more tightly clumped and it was 
very difficult to discern individual filaments. Filaments also were 
formed by direct dialysis of desmin in 6 M urea, 0.1# MCE, 10 mM 
imidazole-HCl, pH 7.0, against the polymerization buffer, but they 
tended to be somewhat more irregular in appearance (not shown). 
Figure 5. Electron micrograph of negatively stained intermediate 
filaments 
The filaments were formed from purified cardiac desmin by 
dialysis against 100 mM NaCl, 1 mil MgCl^, 10 mM imidazole-
HCl, pH 7.0. Bar represents 200 nm. 115000X. 
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Inmunofluoresence localization Specificity of the rabbit 
antibodies against electrophoretically purified cardiac desmin is shown 
by immunoautoradiography in Figure 6. Only the desmin band in washed 
myofibrils, in the urea extract of the actomyosin-extracted residue, and 
in the purified cardiac desmin was labeled. Immunoautoradiograms 
prepared from two-dimensional gels of porcine aorta homogenate which 
contained vimentin showed that the antibodies did not cross-react with 
vimentin (not shown). 
Indirect immunofluorescence microscopy with the rabbit antibodies 
against desmin was used to localize desmin in porcine cardiac myofibrils 
(Figuire 7). Localization was specific for the Z-line (Figure 7A and B) 
and the intercalated disc region (Figure 7C and D). This pattern was 
similar to that observed by others (Lazarides and Hubbard, 1976; 
Richardson et al., 1981) in avian cardiac myofibrils with antibodies to 
avian gizzard desmin. The pattern of staining along the Z-line was not 
uniform, but rather in the form of bright intermittent spots of 
fluoresence at points between (perhaps linking) adjacent myofibrils 
within a myofibril fragment, similar to that shown by Lazarides and 
Hubbard (1976). There were also bright fluorescent spots at the ends of 
Z-lines in myofibrils at the sides of the myofibril fragment. In 
myofibril fragments containing intercalated disc remnants (Figure 7C and 
D), the disc region was also intensely labeled with the antibody (Figure 
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7D). There tended to be more "background" fluoresence throughout the 
sarcomere than in the case of skeletal myofibrils (Lazarides and 
Hubbard, 1976; Richardson et al., 1981). This pattern may be a result 
of staining of some longitudinally-oriented intermediate filaments on 
the periphery of individual myofibrils which are present in cardiac 
muscle (Tokuyasu, 1983). 
I 
Figure 5. Immunoautoradiographic characterization of cardiac deamin 
polyclonal antibodies 
A, SDS-PAGE using the discontinuous Tris/glycine system of 
Laeramli (1970); B, autoradiogram of a corresponding gel which 
had been transferred electrophoretically to nitrocellulose 
paper, and then incubated with deamin antibodies followed by 
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I-protein A. Lane 1, washed myofibrils; Lane 2, protein 
solubilized in 8 M urea that was used for chromatography; 
Lane 3» purified cardiac desmin (i.e., Figure 2; inset Lane 
C). 
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Figure 7. Indirect immunofluorescence micrographs showing decoration of 
porcine cardiac myofibrils with desmin antibodies 
Myofibril fragments were viewed with phase contrast (A, C) 
smd epifluorescence (B, D) optics. Intense staining occurred 
at the Z-line levels (arrows in B, D) and intercalated disc 
regions (ID in D). Some fluoresence labeling occurred in the 
areas between the Z-line. 1750X 
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DISCUSSION 
The results of this study show that highly purified desmin, free of 
detectable actin and vimentin contamination, can be routinely isolated 
from the working myocardium of mature mammals and that the purified 
desmin is polymerization competent (i.e., it can reassemble into 
intermediate filaments). In developing a satisfactory procedure for 
routinely purifying cardiac desmin, we tried several methods, including 
the one developed in this laboratory for purification of desmin from 
skeletal muscle (O'Shea et al., 1981). Although cardiac desmin could be 
purified by that procedure, electrophoretic analysis showed the final 
desmin often was up to 50% degraded. Among structural proteins, desmin 
(true of all intermediate subunit types) is known to be extremely 
sensitive to proteolysis (O'Shea et al., 1981) especially in the region 
of its highly basic N-terminus (Geisler et al., 1982). The proteolysis 
occurred primarily during 1 M acetic acid extraction of Kl-extracted 
residues, a step originally introduced by Small and Sobieszek (1977) for 
the purification of avian gizzard desmin. Proteolysis of desmin during 
the acetic acid extraction was not a serious problem when preparing it 
from skeletal muscle. The increased amount of proteolysis that occurs 
during acetic acid extraction may result from higher levels of catheptic 
enzymes in cardiac muscle (Bird and Carter, 1980) which are activated 
during the low pH steps. A similar problem of not being able to use 
procedures developed for skeletal muscle for the purification of a 
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protein from cardiac muscle was reported for troponin, another very 
proteolytically sensitive protein (Greaser et al., 1972; Brekke and 
Greaser, 1976). To overcome this problem, we eventually eliminated 
extraction with acetic acid aind directly extracted the KI residue with 8 
M urea-containing solutions. 
Desmin represented about 10-15/6 of the total protein solubilized by 
the 8 M urea extractions. To decrease the time required for 
purification, a two-step batch chromatography procedure was used. The 
DEAE-cellulose and hydroxyapatite batch chromatography steps can both be 
completed in less than 8 h, whereas the equivalent column chromatography 
would require at least 6 days. Because the batch procedures can be 
completed so rapidly, the amount of proteolysis that occurs was 
substantially reduced. The final purification step using column 
chromatography with DEAE-Sepharose CL-6B was very effective in removing 
remaining Impurities and most of the 49 KDa desmin degradation product 
that had accumulated up to that point in the procedure. 
Skeletin (desmin) previously has been purified from bovine Purkinje 
fibers (conducting cells) (Stigbrand et al., 1979b). Their procedure 
involved the use of gel permeation chromatography in the presence of 
SDS, something we wished to avoid in routine preparations because of the 
uncertainties in obtaining 100# removal of the detergent. Their 
purified protein was reported to have an isoelectric point of 6.55 
(Stigbrand et al., 1979b) and migrated on two dimensional gels as at 
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least five isoelectric variants (Thomell and Eriksson, 1981). Our 
alpha (minor) and beta (major) variants have isoelectric points of 5.43 
and 5.48, respectively, which are similar to the values obtained for 
other desmins (Huiatt et al., 1980; 0'Shea et al., 1981). Two of the 
isoelectric variants found in Purkinje fibers appeared to migrate in a 
similar position to the variants in normal myocardium, and the rest were 
attributed to possible post-translational modifications (Thomell and 
Eriksson, 1981). Whether the desmin prepared from working myocardium in 
our study and the skeletin (desmin) isolated from Purkinje (conducting) 
fibers are really different is unknown. The amino acid compositions of 
skeletin (desmin) from Purkinje fibers (Stigbrand et al., 1979b) and 
desmin from ventricular myocardium (Table I) are similar, although there 
are more similarities between the amino acid composition of mammalian 
skeletal, ventricular, and smooth muscle desmins (Table I) than between 
our ventricular desmin and skeletin from Purkinje fibers. These 
differences, however, may singly be due to technical differences between 
analyses in the two laboratories. 
During preparation of this manuscript, a procedure was reported for 
purification of desmin from bovine myocardium (Price, 1984)* The 
procedure was based primarily upon methods developed earlier in our 
laboratory for the purification of skeletal desmin (O'Shea et al., 
1981). The procedure (Price, 1984) however, failed to remove actin auid 
several high molecular weight contaminants, and filaments assembled from 
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the partially purified deamin were irregular in appearance and did not 
closely resemble either native or synthetic filaments from avian smooth 
muscle (Huiatt et al., 1980). In contrast, the procedure reported 
herein, which has been successfully repeated over 30 times, yielded 
highly purified desmin which forms 10-nm diameter filaments essentially 
indistinguishable from native 10-nm filaments. 
The presence and localization of vimentin in mature striated muscle 
cells has been a subject of controversy (compare Bennett et al., 1979; 
O'Shea et al., 1981; with Granger and Lazarides, 1979). It has been 
reported that some vimentin is present in avian skeletal muscle cells 
(Gard and Lazarides, 1980; Lazarides et al., 1982) and avian Purkinje 
fibers (Price and Lazarides, 1983), but not in avian myocardial 
(working) cells (Price and Lazarides, 1983). In mammalian skeletal 
muscle, however, immunofluorescence studies have shown that vimentin is 
only present in the fibroblasts between muscle cells (Osbom et al., 
1982) and two-dimensional electrophoresis failed to detect vimentin in 
any significant amount in mature skeletal muscle (O'Shea et al., 1981). 
By two-dimensional gel electrophoresis virtually no vimentin was 
detected in mammalian Purkinje fibers (Thomell and Eriksson, 1981). In 
mammalian working myocardium, immunofluoresence studies also show that 
vimentin is only present in the fibroblasts between muscle cells 
(Altmannsberger et al., 1981), and no staining of 2-line or intercalated 
disc region was observed on myocardial cells with vimentin antibodies 
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(Osbom et al., 1981). It has been detected in small amounts in two-
dimensional gels of bovine myocardium (Thomell and Eriksson, 1981; 
Price, 1984), but the possibility exists in these studies that the 
vimentin originated from nonmuscle cells in the tissue. In our study, 
we have detected a spot which migrates at nearly the same position as 
vimentin from vascular smooth muscle (comigration results not shown). 
This spot was not found in two-dimensional gels of samples taken after 
completion of the two-stage batch chromatography procedure, or in the 
final purified desmin. The spot present in the two-dimensional gels 
that migrated in the area expected for vimentin was not recognized by 
polyclonal antibodies against vimentin (not shown). And, our experience 
in preparing vimentin from vascular smooth muscle (Hartzer et al., 1982) 
suggests to us that desmin and vimentin behave in such a similar manner 
during chromatography that we would not have been able to separate them 
during our batch chromatography procedure. Our results, along with the 
reports cited above (Bennett et al., 1979; Altmannsberger et al., 1981; 
Osbom et al., 1981; O'Shea et al., 1981), suggest that althou^ 
vimentin may be present in small amounts in the cytoskeleton of avian 
striated muscle cells, it probably plays little or no role in the 
cytoskeleton of mature mammalian skeletal or cardiac muscle cells of 
most mammalian species. 
The results of this study, conducted on desmin free of detectable 
actin, vimentin, and high molecular-weight contaminants, demonstrate 
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that the protein possesses the capability of self-assembling into 10-nm 
filaments under near physiological conditions and suggest that desmin in 
mature heart cells is present in the aggregated form of 10-nm filaments. 
Results described here also provide a reliable method for purification 
of desmin from the working myocardium in sufficient yield to permit 
detailed studies on the self-assembly properties of the protein and on 
its possible interaction(s) with other components of myocardial cells. 
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SECTION II. PURIFICATION AND PARTIAL CHARACTERIZATION OF 
PORCINE VASCULAR SMOOTH MUSCLE 
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SUMMARY 
The objectives of this study were to prepare highly purified 
vimentin from the smooth muscle layer of the porcine aorta and to 
characterize specific properties of the purified protein. Smooth muscle 
myofibrils were prepared from the tunica media layer of an approximately 
12 inch section of porcine aorta adjacent to the aortic arch. Much of 
the actomyosin was removed by extraction with high ionic strength 
solutions and vimentin was solubilized from the remaining residue with 
an 8 M urea-containing solution. Vimentin was purified by DEAE-
cellulose batch chromatography, followed by column chromatography on 
hydroxyapatite and then DEAE-Sepharose CL-6B. Dialysis of the purified 
vimentin against 10 mM Tris-acetate, pH 8.5, to remove the urea resulted 
in a soluble protein present in protofilamentous form. Two-dimensional 
gel electrophoretic analysis showed that the purified vimentin consisted 
of one major isoelectric variant, with a minor acidic variant and that 
the purified vimentin was free of actin and desmin. This latter result 
was confirmed by immunoautoradiography with antibodies to porcine 
cardiac desmin. Circular dichroic spectra of purified soluble vimentin 
indicated an alpha-helical content of 41% as measured at 208 nm. 
Polyclonal antibodies to vascular vimentin gave a filamentous 
immunofluoresence pattern in cultured vascular smooth muscle cells. 
Dialysis of purified vascular vimentin against 170 mM NaCl, 1 mM MgClg, 
10 mM imidazole-HCl, pH 7.0, resulted in the formation of synthetic 
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vimentin filaments having aui average diameter of 9-11 nm. The 
filaments are morphologically similar to native intermediate filaments. 
The procedure developed here provides a way to prepare vimentin in high 
yield from an easily obtainable source that is polymerization competent 
and that will permit detailed characterization of its properties and its 
role within the cell. 
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INTRODUCTION 
It is now evident that intermediate (lO-nm) filaments play a 
cytoskeletal role in virtually all vertebrate cells. Immunological and 
biochemical differences allow subdivision of intermediate filaments into 
five distinct classes: (l) neurofilaments, found in neurons; (2) glial 
filaments, characteristic of astrocytes and Bergmann glia; (3) 
cytokeratins, typical of keratinizing and nonkeratinizing epithelia; (4) 
desmin filaments, characteristic of most types of differentiated muscle 
cells; and (5) vimentin filaments primarily found in cells of 
mesenchymal origin and some vascular smooth muscle cells. (For recent 
reviews see Lazarides, 1980, 1982; Osbom et al., 1982). 
In addition to its role in mesenchymal cells, vimentin is a member 
of the pair when two types of intermediate filament subunits are 
expressed in a single cell. In the mature animal, there are at least 
two well-documented examples of cells expressing two classes of 
intermediate filament proteins simultaneously. Namely, the Bergmann 
glia and some astrocytes which have been shown to express both glial 
fibrillary acidic protein and vimentin (Yen and Fields, 1981; Dahl et 
al., 1981; Shaw et al., 1981) and some vascular smooth muscle cells 
which contain both desmin and vimentin (Quinlan and Franke, 1982; Travo 
et al., 1982; Schmid et al., 1982). Also, several permanent cell lines 
(Franke et al., 1979a; Paetau et al., 1979; Gard et al., 1979; 
Tuszynski et al., 1979; Osbom et al., 1982) and many types of cells in 
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primary cultures express two types of intermediate filament proteins 
(Franke et al., 1979a; Franke et al., 1979b). In all oases, one of the 
proteins expressed was found to be vimentin (Osbom et al., 1982). 
In the case of vascular smooth muscle cells, the first reports 
suggested on the basis of two-dimensional gel electrophoresis and 
immunofluoresence studies that smooth muscle cells of human, cow, pig, 
rabbit and hamster aorta contained only vimentin (Gabbiani et al., 1981; 
Frank and Warren, 1981; Bemer et al., 1981), and that rat aortic smooth 
muscle contained both vimentin and desmin (Gabbiani et al., 1981). 
Smooth muscle cells from other blood vessels apparently contained 
significant amounts of desmin (Frank and Warren, 1981), and it was 
suggested that the amount of desmin in the smooth muscle cells of a 
blood vessel was directly related to its ability to contract (Frank and 
Warren, 1981; Osbom et al., 1981). In the rat, the number of desmin-
containing cells in the aorta are very few in the region of the aortic 
arch, but they increase substantially in regions further removed from 
the heart (Osbom et al., 1981). More recently, it was shown that 
smooth muscle cells of bovine, rat, and chicken aorta contain a 
substantial amount of desmin in addition to vimentin, but intermediate 
filaments from human aorta smooth muscle contain only vimentin when 
examined by two-dimensional gel electrophoresis (Schmid et al., 1982). 
It appears that the intermediate filament protein subunit composition of 
vascular smooth muscle cells varies with species, the type of blood 
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vessel examined, and the location of the cells within the blood vessel. 
By selection of appropriate species and section of aorta within the 
animal, one can obtain tissue that contains little or no desmin and that 
provides a good starting material for preparation of purified vimentin. 
Vimentin previously has been purified only from porcine eye lens 
(Geisler and Weber, 1931), from Ehrlich ascites tumor cells (Nelson and 
Traub, 1982; Nelson et al., 1982), and from Chinese hamster ovary cells 
(Cabrai et al., 1981). Herein, we report a method for large scale 
purification of vimentin from porcine aortic smooth muscle and selected 
properties of the purified vimentin.^ 
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EXPERIMENTAL PROCEDURES 
Unless noted otherwise, all steps were carried out at 0-4°C. The 
pH adjustment of buffers was done at the temperature at which the buffer 
was used. Twelve inch sections of porcine aorta (closest to the heart) 
were obtained from a local slaughterhouse, immediately immersed in ice 
and used within 1 h postmortem. The adventitia was stripped away from 
the tunica media and the tunica media was ground in a prechilled meat 
grinder having 1-mm holes. PHSF^ (O.l#) was added to all solutions 
immediately before use. All urea solutions used in the preparation of 
vimentin were made from a stock 8 M urea solution which had just been 
passed through an Amberlite MB-3 mixed bed ion exchange resin column 
(Mallinckrodt Chemical Works, St. Louis, MO) to remove heavy metal aind 
cyanate ion contamination. Following deionization, the urea was stored 
at 0-4°C to minimize formation of cyanate ion. 
Preparation of washed myofibrils 
Washed myofibrils were prepared from 400 g of ground aorta by 
suspending the tissue in 10 vol (v/w; all volumes are based on the wet 
weight of ground muscle) of standard salt solution (SSS=100mM KCl, 1 mM 
sodium azide, 2 mM MgCl^, 2 mM EGTA^, 0.01# streptomycin, 0.01# 
penicillin, 20 mM K-phcsphate, pH 6.8) and homogenizing the tissue with 
a Polytron homogenizer with a PT 35 head (Brinkmann Instruments, 
Westbury, NY). After homogenization, Triton X-100 (Sigma Chemical Co., 
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St. Louis, MO) was added to a final concentration of 1% (v/v). The 
myofibrils were collected by centrifugation at 2,000 x ^  for 10 min. 
The myofibrils were washed four times in 10 vol (v/w) SSS with 1% Triton 
X-100 included in the first three washes. The pelleted myofibrils were 
resuspended after each wash by a 10-s homogenization with the Polytron 
homogenizer. 
Actomyosin extraction 
The washed myofibrils in 10 vol of 500 mM NaCl, 5 mM EDTA, 5 mM ATP 
(added just prior to use), 1 mM cysteine, 40 mM imidazole-HCl, pH 7.0, 
were resuspended by a lO-s homogenization with the Polytron homogenizer 
and stirred for 1 h with an overhead stirrer. After centrifugation at 
14,000 X for 20 min, the sediment was rehomogenized, extiracted for 2 h 
and centrifuged as above. The sediment was stored overnight on ice. 
Urea extraction and batch chromatography 
The pellet remaining after actomyosin extraction was homogenized in 
5 vol of 8 M urea, 0.1# MCE^, 10 mM imidazole-HCl, pH 7.0, stirred for 1 
h using an overhead stirrer, and centrifuged at 14,000 x ^  for 30 min. 
The supernatant was saved. The sediment from the first urea extraction 
was rehomogenized in 10 vol of 8 M urea, 0.1# MCE, 10 mM imidazole-HCl, 
pH 7.0, extracted and centrifuged as above. Both supematants were 
added to the DEAE-cellulose (300 ml packed vol) and the pellet was 
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discarded except for a small sample saved for electrophoresis. The 
DEAE-cellulose ( DE-52, Whatman Ltd., Springfield Mill, Maidstone, Kent, 
U. K.) had been previously equilibrated in Buffer A (6 M urea, 0.1^ MCE, 
20 mM imidazole-HCl, pH 7.0). The protein/DEAE-cellulose suspension was 
stirred gently for 1 h, centrifuged at 14,000 x g for 15 min, and the 
supernatant was discarded. The DEAE-cellulose was washed twice with 2 1 
Buffer A + 75 mM NaCl and centrifuged as above. The DEAE-cellulose, 
which still contained the vimentin, was then washed twice with 2 1 
Buffer A + 200 mM NaCl and centrifuged as above. The two supematants 
were pooled, filtered through Whatman 541 paper, concentrated to a 
volume of 100 ml using an Amicon DC2 hollow fiber dialyzer/concentrator 
(Amicon Corp., Lexington, MA), and then dialyzed against 2 1 of buffer A 
using the Amicon DC2. 
Hydroxyapatite column chromatography 
The dialyzed supernatant resulting from the DEAE-cellulose batch 
chromatography was clarified at 143,000 x ^  for 1 h. The supernatant 
was loaded onto a 2.5 x 40 cm column of hydroxyapatite (Pharmacia Fine 
Chemicals, Inc., Piscataway, NJ). The column had been previously 
equilibrated with 4 column volumes of Buffer A. The column was eluted 
at a flow rate of 12 ml/h using a precise nonlinear 12 to 50 mM Na-
phosphate gradient generated by an LKB 11300 Ultrograd gradient maker 
(LKB Instruments, Inc., Rockville, MD). Six ml fractions were collected 
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and the presence of vimentin was monitored by one-dimensional SDS-PAGE. 
The phosphate concentration of selected fractions was determined by the 
method of Taussky and Shorr (1953). 
Ion exchange column chromatography 
The fractions from the hydroxyapatite column containing vimentin 
nere pooled, dialyzed overnight against Buffer A + 50 mM NaCl, clarified 
at 143»000 X ^ for 1 h, and loaded onto a 1.6 x 30 cm column of DEAE-
Sepharose CL-6B (Pharmacia Fine Chemicals, Inc., Piscataway, NJ). The 
column had been previously equilibrated with 4 column volumes of Buffer 
A + 50 mM NaCl. The column was eluted at a flow rate of 15 ml/h with a 
precise linear 50 to 250 mM NaCl gradient generated by an LKB 11300 
Ultrograd gradient maker. The NaCl gradient was monitored by titration 
of selected fractions with AgSO^ (Robson et al., 1970). The fractions 
containing protein were analyzed by one-dimensional SDS-PAGE and the 
fractions containing vimentin were pooled. 
2 The purified vimentin was dialyzed extensively against 1 mM DTE , 
10 mM Tris-acetate, pH 8.5, to remove the urea, followed by dialysis 
against 10 mM Tris-acetate, pH 8.5. The vimentin was clarified at 
143,000 X ^ for 1 h« After clarification, vimentin routinely was 
present at a concentration of about 1 mg/ml and it could be further 
concentrated up to 8 to 10 mg/ml using an Amicon ultrafiltration cell 
and PM-10 membrane. The vimentin was stored under N^ and toluene vapor 
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at 0°C and it could be maintained under these conditions for several 
weeks without significant degradation. 
One-dimensional SDS-PAGE^ 
SDS-PAGE was done using a discontinuous Tris/glycine buffer system 
(Laemmli, 1970) with a 10S6 acrylamide (75 to 1 w/w ratio of acrylamide 
to methylenebisacrylamide used in both the stacking and separating gel) 
separating and a àr% acrylamide stacking gel. All insoluble samples were 
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dissolved by boiling for 10 min in 5^ SDS , 1^ MCE. These samples were 
then centrifuged at 2,000 x £ for 10 min at 25°C, filtered through 
Whatman 541 filter paper, and dialyzed against 0.1$ SDS, 10 mM Na-
phosphate, pH 6.8, at 25°C. Samples were then mixed with tracking dye 
mixture and electrophoresed as described in 0'Shea et al. (1981). The 
gels were stained overnight in 40$ (v/v) methanol, 1% acetic acid, 0.1$ 
Coomassie brilliant blue R250. The gels were destained in 5$ methanol, 
1% acetic acid. Molecular weights were determined by plots of log M^ 
versus relative mobility (Weber and Osbom, 1969) obtained by comparison 
with mobility of proteins of known subunit molecular weight (myosin 
heavy chains, alpha-actinin, actin, and tropomyosin). 
Two-dimensional gel electrophoresis 
Isoelectric focusing was done in the first dimension according to 
the method of O'Farrell (1975) using 4$ polyacrylamide gels (2.5 x 120 
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mm). Insoluble samples were extracted overnight with 8 M urea at 4°C 
and centrifuged at 143,000 x g for 1 h. The supematants were then 
equilibrated in sample buffer as described for soluble samples 
(O'Farrell, 1975). SDS-PAGE in the second dimension was done on 10% 
gels with no stacking gel by the method of Allen et al. (1978) using the 
Laemmli (1970) buffer system. The staining and destaining procedures 
were identical to those described for one-dimensional electrophoresis. 
CD spectra 
Ultraviolet (200-260 mm) circular dichroic spectra were measured at 
26°C in 1-mm path length cells using a Gary model 60 spectropolarimeter 
equipped with a CD attachment. The purified vimentin (0.1 mg/ml) was 
dialyzed extensively against 3 mM sodium phosphate, pH 8.5, and 
clarified at 143,000 x ^  for 1 h. Method I as described by Greenfield 
and Fasman (1969) was used to estimate the alpha-helical content of 
purified vimentin. 
Electron microscopy 
Samples for electron microscopy were prepared by dialyzing purified 
vimentin (0.1-0.2 mg/ml) against 170 mM NaCl, 1 mM MgCl^, 10 mM 
imidazole-HCl, pH 7.0. A drop of the protein suspension was placed on a 
carbon coated 400-me3h copper grid that had been glow discharged. After 
30 s, the grid was washed gently with 5 to 8 drops of distilled water, 
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and then stained for 1-2 min by placing a drop of 1.5# aqueous uranyl 
acetate on the grid. Excess stain was removed by touching the grid with 
a piece of filter paper, and the grid was allowed to air dry. The 
negatively stained preparations were examined immediately after 
preparation using an RCA EMU-4 electron microscope operated at 100 kV. 
Immunological techniques 
Polyclonal antibodies against porcine aorta vimentin were raised in 
a white male New Zealand rabbit. Chromatographically-purified vascular 
vimentin was electrophoretically purified, and then injected twice (1 mg 
per injection), 14 days apart, subcutaneously and intramuscularly in the 
thigh. The protein was suspended in complete Freund's adjuvant for the 
first injection and in incomplete Freund's adjuvant for the second. The 
preimmune serum was tested for the presence of autoantibodies by 
indirect immunofluoresence. The specificity of the antiserum was 
monitored by immunoautoradiography (Towbin et al., 1979). Indirect 
immunofluoresence was performed on porcine vascular smooth muscle cells 
which had been grown in culture from tissue expiants (Ross, 1971) by the 
method described in Richardson et al. (1981). 
Other procedures 
Protein concentrations were determined by the Folin-Lowry method 
(Lowry et al., 1951) or by the biuret method (Gomall et al., 1949) as 
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modified by Robson et al. (i968). Protein hydrolyses for amino acid 
analysis were done in vacuo at 115°C for 24, 72 and 96 h in the presence 
of methane/sulfonic acid (Simpson et al., 1976). Cystine and cysteine 
were measured as cysteic acid (Hirs, 1967). Analyses were performed on 
a Durrum D-400 Amino Acid Analyzer (Durrum Instruments, Sunnyvale, CA). 
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RESULTS 
Preparation of purified vascular vimentin 
The procedure developed herein for purification of vimentin from 
porcine aortic smooth muscle was based in part upon methods used in our 
laboratory and others for purification of desmin from smooth (Small and 
Sobieszek, 1977; Huiatt et al., 1980), skeletal (O'Shea et al., 1981), 
and cardiac muscle (Hartzer et al., 1980). The purification was 
accomplished in the following major steps: (l) preparation of a smooth 
muscle myofibril fraction, (2) removal of actomyosin with high ionic 
strength extractions, (5) solubilization of vimentin from the 
actomyosin-extracted residue in urea, (4) purification by a three-step 
procedure, including batch chromatography with DEAE-cellulose and 
successive column chromatography on hydroxyapatite and DEAE-Sepharose 
CL-6B. Fig. 1 shows one-dimensional electrophoretic analysis of samples 
taken during the purification procedure. In the homogenate of the whole 
aortic preparation before centrifugation (Fig. 1, lane A), the major 
proteins present are myosin heavy chain (M^ approx. 200,000), serum 
albumin (H^ approx. 68,000), and actin (M^ approx. 42,000). Present in 
decreased amounts are filamin (M^ approx. 250,000), an unidentified 
protein at approx. 160,000, vinculin (M^ approx. 130,000), alpha-
actinin (M^ approx. 100,000), vimentin (H^ approx. 58,000) and alpha and 
beta tropomyosins (M^ approx. 38,000 and 35,500 respectively). 
Preparation of smooth muscle washed myofibril fraction (Fig. 1, lane B) 
Fig. 1. SDS-PAGE analysis of selected fractions obtained during the 
purification of porcine aortic vimentin 
A, original aortic tunica media homogenate; B, washed smooth 
muscle myofibril fraction; C, residue remaining after the 
second high ionic strength actomyosin extraction with 500 mM 
NaCl-containing solution; D, protein solubilized in the 8 M 
urea extraction of the actomyosin extracted residue; E, 
contaminating protein which did not initially bind to the DEAE-
cellulose during batch chromatography; F, contaminating protein 
removed from the DEAE-cellulose by a 73 mM NaCl wash; G, 
protein after DEAE-cellulose batch chromatography. A total of 
15 yg was loaded on each lane except F, which was loaded with 
10 yg. 
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followed by extraction of the actomyosin with high ionic strength 
solutions (rig. 1, lane C) resulted in a substantial increase in the 
proportion of vimentin in the fraction. Following extraction of the 
actomyosin-depleted pellet with 8 H urea-containing solutions (Fig. 1, 
lane D), vimentin and actin were the major components, while much of the 
vinculin, myosin and other high molecular weight proteins were not 
solubilized. This latter result differs significantly from results 
obtained during preparation of cardiac desmin where almost all the 
protein remaining after preparation of actomyosin-depleted extracts was 
solubilized in 3 M urea (Hartzer, M. K., unpublished observation). 
During batch chromatography with DEAE-cellulose, the majority of 
the actin failed to bind to the cellulose (Fig. 1, lane E). Washing the 
DEAE-cellulose with 75 mM MaCl removed more of the remaining actin and 
high molecular weight proteins (Fig. 1, lane F). After completion of 
the batch chromatography procedure (Fig. 1, lane G), vimentin was the 
major protein in the fraction. Also présent in significant amounts were 
actin (42K), alpha-actinin (100K), myosin heavy chains (200K) and 
filamin (250K). 
The protein from the batch chromatography step was loaded on a 
hydroxyapatite column. The protein eluted from the column in two major 
peaks (Fig. 2). The first peak, which was eluted when the column was 
washed with 12 mM sodium phosphate, contained mostly actin, a small 
amount of vimentin, and a lower molecular weight contaminant. 
Fig. 2. Elution profile of DEAE-cellulose batch chromatography purified 
vascular vimentin from a hydroxyapatite column 
A total of 300 mg protein in 200 ml solution was loaded on the 
column and eluted as described in the Experimental Procedures. 
The inset shows one-dimensional 3D3-PAGE analysis of four 
pooled fractions. DE-52 represents the protein remaining after 
completion of the DEAE-cellulose batch chromatography. Each 
gel lane was loaded with 15 yg of protein except for lane 3, 
which was loaded with 20 yg. Fraction 3 was the 
hydroxyapatite-purified vimentin. 
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DEAE-Sepharose CL-6B column 
A total of 135 rag of protein in l60 ml solution was loaded onto 
the column. Additional details are given in the Experimental 
Procedures. HPT represents the hydroxyapatite column purified 
vimentin. All lanes were loaded with 15 yg of protein. 
Fraction 2 was the purified vimentin. 
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The leading shoulder of the second peak (Fr. 2) contained vimentin, 
actin, and other high and low molecular weight contaminants. The 
trailing edge of the second peak (Fr. 4) contained alpha-actinin (100K) 
and actin, along with the vimentin. The central portion of the second 
peak (Fr. 3) consisted primarily of vimentin, some vimentin proteolytic 
degradation products at 52K and 47K, and traces of actin and alpha-
actinin. The primary vimentin fraction (Fr.3) was eluted between 27 and 
40 mM sodium phosphate. Tubes in this fraction were pooled, dialyzed 
overnight against Buffer A + 50 mM NaCl, and loaded on a DEAE Sepharose 
CL-6B ion exchange column. 
The protein eluted from the ion exchange column in a single peak 
with a noticeable descending shoulder (Fig. 3). The contaminants in the 
protein loaded on the column were eluted in the leading edge of the peak 
(Fr. 1), which included the remaining actin. The central portion of the 
peak (Fr. 2) contained the purified vimentin and a small amount of the 
vimentin degradation products. The pronounced shoulder/trailing edge of 
the peak (Fr. 3) contains an increased amount of these proteolytic 
degradation products and was not used for further characterization 
studies. Fraction 2, which was collected and used for characterization 
experiments, eluted from the column at a concentration of I40 to 170 mM 
NaCl. From preparations starting with 4oo g of ground aorta, a yield of 
60 to 70 mg of highly purified vimentin (Fr. 2) could routinely be 
Fig. 4» Two-dimenaional gel electrophoresis of fractions obtained 
during the purification of vimentin 
The direction of migration in the isoelectric focusing 
direction is as indicated. The acidic end of the pH gradient 
in the isoelectric focusing dimension is to the left. Spots 
corresponding to the isoelectric variants of vimentin (VIM), 
actin (act), and tropomyosin (tw) are labeled. a, 8 m urea 
extract of original aorta tunica media homogenate; B, 8 M urea 
extract of washed myofibril fraction; c, protein after deae-
cellulose batch chromatography; D, purified vimentin after 
deae-Sepharose cl-6B column chromatography. High-molecular-
weight polypeptides such as myosin heavy chains do not enter 
the isoelectric focusing gel and are not resolved. a repeating 
pattern of stairstep degradation products of vimentin are 
evident to the acidic side of vimentin. 
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achelved. The 52 KDa and 47 KDa degradation products usually comprised 
about 3-5# of vimentin preparations as determined by densitometry of 
stained gels. These two degradation products always could be observed 
provided the gels were loaded with sufficient protein and the gel was 
not overly destained. 
Partial characterization of vascular vimentin 
Two-dimensiona1 Electrophoresis Selected samples from the 
purification of vimentin from porcine aorta were examined by two-
dimensional gel electrophoresis. An 8 H urea extraction of original 
tunica media homogenate (Fig. 4A} shows that vimentin primarily is 
present as two isoelectric variants, with the acidic variant probably 
corresponding to phosphorylated vimentin (Gabbiani et al., 1931). The 
acidic "stairstep" degradation products (leading downward to the left of 
intact vimentin) are characteristic of vimentin, probably resulting from 
degradation of the basic amino terminal headpiece of some vimentin 
molecules by a Ca^*-activated protease (Nelson and Traub, 1982). Much 
of this degradation may have occurred during the preparation of the 
sample for electrophoresis (see Schmid et al., 1982) because less 
degradation is found in later steps of the preparation. The actin was 
present as three isoelectric variants as shown for vascular smooth 
muscle from other species (Gabbiani et al., 1981). Desmin was virtually 
absent in the original aorta homogenate. 
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In the 8 H urea extract of the washed myofibril fraction (Fig. 4B), 
vimentin was again primarily present as two isoelectric variants* After 
completion of the DEAE-cellulose batch chromatography step (Fig. 4C), 
the two primary vimentin isovariants are present auxd most of the actin 
and tropomyosin has been removed. Examination of the final purified 
vimentin by two-dimensional gel electrophoresis (Fig. 4D) shows that all 
the actin auid tropomyosin have been removed. Only the two varieuits of 
vimentin and a trace of the vimentin stairstep degradation products are 
detectable. 
Amino acid composition and secondary protein structure The 
amino acid composition of porcine aorta vimentin is shown in Table I, 
and is compared with values published for vimentin from porcine eye lens 
(Geisler and Weber, 1981) and Ehrlich ascites tumor cells (Nelson and 
Traub, 1932). In general, the values for the three vimentins are 
similar, but the values for the porcine aorta vimentin and porcine 
desmin exhibit several differences (e.g., asp, ser, ala, gly, and ile). 
The ultraviolet circular dichroic spectra of soluble porcine aorta 
vimentin in 5 mM sodium phosphate, pH 8.5, (Fig. 5) showed two negative 
extrema at 208 and 222 nm, a spectrum typical for proteins containing 
considerable alpha-helical content. Using Method I as described by 
Greenfield and Fasman (1969), a value of 41^ alpha-helix was calculated 
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Table I 
Amino acid analysis of intermediate filament proteins 
Values are expressed as mole percent. 
Amino 
Acid 
Porcine 
Aorta 
Vimentin* 
Porcine 
Eye Lens 
Vimentin 
EAT Cell 
Vimentin® 
Porcine 
Stomach 
Desmin 
Asp 12.4 ±0.2 12.8 11.1 9.7 
Thr 5.4 ±0.1 6.2 5.2 5.1 
Ser 3.5 ±0.2 8.9 8.3 7.0 
Glu 18.0 ±0.4 18.5 18.9 18.4 
Pro 2.6 ±0.1 2.7 1.6 2.5 
Gly 3.1 ±0.2 2.7 4.3 5.5 
Ala 6.6 ± 0.1 6.3 6.8 9.6 
Cys 0.3 ±0.0 0.2 0.7 0.3 
Val 5.2 ±0.3 5.7 5.5 6.0 
Met 2.3 ±0.1 2.0 1.7 1.8 
lie 3.1 ±0.1 3.1 3.2 4.1 
Leu 11.1 ±0.4 10.7 12.0 10.1 
Tyr 2.8 ±0.2 2.5 2.4 2.8 
Phe 2.6 ±0.2 2.2 2.4 2.9 
Lys 5.0 ±0.3 4.8 5.3 4.5 
His 1.5 ±0.1 1.4 1.7 1.5 
Arg 9.4 ±0.4 9.2 8.6 8.7 
^Results are expressed as mean plus or minus standard error 
of analysis on four different preparations run in triplicate. 
^From Geisler and Weber (1981). 
°From Nelson and Traub (1982). EAT = Ehrlich ascites tumor 
*^From O'Shea et al. (1979). 
Fig. p. Ultraviolet circular dichroic spectrum of purified 
unpolymerized vimentin 
The spectrum was measured in 5 mM sodium phosphate, pH 8.5, at 
a protein concentration of 0.1 mg/ml. Cell path length was 1 
mm and temperature was 2ô°C. A value of 113.6 was calculated 
from the amino acid composition and used for the mean residue 
weight. 
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from the mean residue ellipticity at 203 nm. A value of 113.6 was used 
for the mean residue weight. This value for the percentage of alpha-
helix agrees closely with values published for other intermediate 
filament proteins (Steinert, 1973; Huiatt et al., 1980; Cabrai et al., 
1981). 
Formation of synthetic intermediate filaments After dialysis 
against 10 mM Tris-acetate, pH 8.5, the vimentin was present in a 
protofilamentous form (i.e., 2 x about 50 nm long particles) which we 
(Pang et al., 1983) and others (Geisler and Weber, 1982) have recently 
shown to consist of four 58,000-dalton subunits. We first attempted to 
form synthetic vimentin filaments by dialyzing the protofilamentous 
vimentin (0.1-0.2 mg/ml) against 100 mM NaCl, 1 aU MgClg, 10 mM 
imidazole-HCl, pH 7.0 at 2^C, conditions which worked well for assembly 
of synthetic desmin filaments (Huiatt et al., 1980). When examined 
under the electron microscope, however, the filaments formed under these 
conditions were not nearly as long as desmin filaments formed under the 
same conditions, and they were irregular in appearance. When the NaCl 
concentration in the polymerization buffer was increased to 170 mM, the 
filaments formed were several micrometers long and similar in morphology 
to filaments formed from highly purified desmin (Huiatt et al., 1980; 
Hartzer et al., 1980; 0'Shea et al., 1981) and to native 10-nm desmin 
filaments (Huiatt et al., 1980). The reconstituted filaments ranged 
Fig, 6. Electron micrograph of negatively stained intermediate 
filaments 
The filaments were formed by dialysis of purified porcine 
aortic smooth muscle vimentin against 170 mM NaCl, 1 mM MgCl^, 
10 nd'I imidazole-rfCl, pH 7.0. Bar represents 200 nm. 110000X 
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from 9 to 12 nm in diameter and were relatively smooth-sided, although a 
22 nm axial periodicity often could be detected. A similar periodicity 
has been described for other classes of intermediate filaments 
(Henderson et al., 1982, Milam and Erickson, 1982, Fowler and Aebi, 
1983) and may be a significant structural feature of all intermediate 
filaments (Ip et al,, 1983). Filaments also could be formed by dialysis 
of vimentin in 5 M urea, 0.1# MCE, 10 mM imidazole-HCl, pH 7.0, directly 
against 170 mM NaCl, 1 mM MgCl^, 10 mM imidazole-HCl, pH 7.0, but they 
tended to be more irregular in appearance (not shown). Attempts to 
observe filaments formed at protein concentrations greater than 0.2 
mg/ml were hampered because the newly formed filaments aggregated into 
tight clumps that mads observation of individual filaments nearly 
impossible. 
Preparation and localization of antibodies against vimentin 
To determine specificity of the polyclonal antibodies raised against 
purified porcine aorta vimentin, a tunica media homogenate was examined 
by immunoautoradiography (Fig. 7). It shows that the antibodies reacted 
only with vimentin and its acidic stairstep degradation products. When 
the same homogenate was examined using polyclonal cardiac desmin 
antibodies (Fig. 8), no proteins were labeled. An immunoautoradiogram 
prepared from a two-dimensional gel of porcine cardiac homogenate showed 
that the antivimentin antiserum did not label desmin (not shown). 
Fig. 7. Inuaunoautoradiographic characterization of porcine aortic 
vimentin polyclonal antibodies 
A, two-dimensional gel electrophoresis of an 8 M urea extract 
of aorta tunica media original homogenate; B, 
immunoautoradiogram of a corresponding gel which had been 
transferred electrophoretically to nitrocellulose paper, and 
then incubated with vimentin antibodies followed by 
protein A. The immunoblot was over developed to clearly show 
the stairstep vimentin degradation products. 
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Fig. 8. Immunoautoradiographic examination of porcine aorta tunica 
media homogenate using polyclonal porcine cardiac desmin 
antibodies 
A, two-dimensional gel of an 8 M urea extract of porcine aorta 
tunica media original homogenate B, immunoautoradiogram of a 
corresponding gel which had been transferred 
electrophoretically to nitrocellulose paper, and then incubated 
with porcine cardiac desmin antibodies followed by ^^^I-protein 
A. 
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The vimentin antiserum was used to localize vimentin by 
immunofluorescence in vascular smooth muscle cells from tissue expiants 
grown in primary culture. The vimentin was present in a filamentous 
pattern surrounding the nucleus and extending into all parts of the cell 
(Fig. 9). This pattern is similar to that observed by others in 
vascular smooth muscle cells in culture (Travo et al,, 1982). A similar 
pattern was observed when the antiserum was used to stain porcine dermal 
fibroblasts grown in culture (not shown). When the same vascular smooth 
muscle cells were examined for presence of desmin with antiserum against 
cardiac desmin, no labeling was evident (results not shown). When the 
cells had been treated with colcemid, the vimentin antibodies stained 
aggregated whorls around the nucleus, a pattern of 10-nm filament 
staining commonly seen in cells treated with microtubule disrupting 
reagents (Blose and Chacko, 1976; Hynes and Destree, 1978). 
Fig. 9 .  Indirect immunofluorescence micrograph showing decoration of 
porcine vascular smooth muscle cells grown in culture with 
vimentin antibodies 
A, phase contrast micrograph; B, fluorescence micrograph. For 
orientation purposes, the double arrows point to the same 
smooth muscle cell; the single arrow points to the nucleus in 
the same cell. The antibodies have decorated the smooth muscle 
cells in a filamentous pattern. 1200x. 
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DISCUSSION 
The results of this study showed that porcine aorta is a good 
source from which vimentin can be purified free of detectable desmin or 
actin. The purification scheme consists of three major steps: (l) 
preparation of a smooth muscle myofibril fraction; (2) solubilization of 
vimentin in 8 M urea-containing solutions from the residue remaining 
after the extraction of actomyosin with 500 mM NaCI-containing 
solutions; (3) a three step (DEAE-cellulose batch, hydroxyapatite, DEAE-
Sepharose CL-oB) chromatography procedure conducted in 6 M urea. To 
obtain well washed myofibrils and satisfactory extraction of actomyosin, 
it was necessary to initially remove as much of the connective tissue as 
possible. This was accomplished by mechéinically stripping away the 
adventitia from the tunica media layer before homogenization. Thorough 
homogenization of the aorta was important to obtain a consistently high 
yield of purified vimentin. Use of a Waring blender for tissue 
disruption was not satisfactory because of the elasticity of the tissue* 
A Polytron tissue homogenizer, however, was effective in complete 
homogenization. A step involving Kl-extraction (a step found useful in 
the preparation of skeletal muscle desmin (O'Shea et al., 1981))of the 
residue remaining after actomyosin extraction with 500 mM NaCl-
containing solutions, resulted in little additional extraction of actin 
(also noted by Rubenstein, 1931), and was not incorporated into the 
final vimentin purification scheme. 
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Batch chromatography with DEAB-cellulose was chosen as the first 
chromatography step because it achieved a substantial degree of 
purification in only a few (4) hours and limited proteolysis. The two 
column chromatography procedures, which were modifications of procedures 
used for purification of smooth muscle desmin (Huiatt et al., 1980), 
gave very reproducible results. The entire preparative procedure has 
been repeated on over 20 vimentin preparations. After the DEAE-
Sepharose CL-6B column, there were no detectable non-vimentin impurities 
as judged by one- and two-dimensional gel electrophoresis. Comparison 
of the column elution profiles obtained herein with those obtained 
during purification of avian smooth (Huiatt et al., 1980), porcine 
skeletal (O'Shea et al., 1981), and cardiac (Hartzer et al., 1980) 
desmins indicate that these two 10-nm filament proteins elute from both 
hydroxyapatite and DEAE-Sepharose CL-6B columns under approximately the 
same ionic conditions. Thus, separation of vimentin eind desmin would be 
difficult if both were initially in the tissue. 
Two-dimensional gel electrophoretic examination of whole 
homogenates of porcine aorta showed that little or no desmin was 
present. This was confirmed by immunoautoradiography from a two-
dimensional gel of aorta homogenate in which it was found that porcine 
desmin antiserum did not label any desmin in the immunoblot of the aorta 
homogenate. Also, vascular smooth muscle cells grown in culture were 
examined by immunofluorescence using porcine desmin antiserum and no 
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desmin staining was detected. Thus, the portion of porcine aorta used 
as starting material for pzreparation of vimentin contained no detectable 
desmin. This result agrees with those from two-dimensional gel 
electrophoretic analysis of porcine aorta fraction obtained by Gabbiani 
et al. (1981), which, insofar as we know, is the only other 
investigation of the intermediate filament components of this porcine 
tissue. We can not rule out the possibility that extremely small 
amounts of desmin may be present in this part of the aorta that were not 
detected by our methods. Also, it is quite possible that some desmin 
may be found in smooth muscle cells from sections of the porcine aorta 
more distant from the heart, a situation found in the case of rat aorta 
(Osborn et al., 1981). 
Because of our previous experience in forming synthetic filaments 
from purified desmin (Huiatt et al., 1980; 0'Shea et al., 1981; Hartzer 
et al., 1980) we initially attempted filament assembly from purified 
vimentin under those conditions (100 mM NaCl, 1 mH MgCl^, 10 mH 
imidazole, pH 7.0). However, the filaments were much shorter and less 
uniform in length than in the case of desmin filaments. Optimal 
conditions for the formation of vimentin filaments required a higher 
NaCl concentration (170 mM). By using a more sensitive centrifugation 
assay to follow assembly of intermediate filaments, we can detect 
significant differences in solubility and degree of assembly between 
vimentin and desmin when examined over a wide range of polymerization 
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conditions (Hartzer et al., 1982; Hartzer and Robson, 1984). 
Differences in assembly conditions for desmin and vimentin synthetic 
filaments have not been noted in previous studies (Renner et al., 1981, 
Steinert et al., 1931), although differences in the two proteins have 
been noted with regard to disassembly conditions (Steinert et al., 
1981). 
Our reconstituted intermediate filaments were relatively uniform in 
diameter (9 to 12 nm). This is in contrast to the filaments reassembled 
from purified porcine eye lens vimentin (Renner et al., 1981) which 
varied in diameter from 7 to 15.5 nm. Synthetic filaments also have 
been reconstituted from the vimentin of Ehrlich ascites tumor cells 
(Traub and Vorgias, 1983), but no filament diameters were given. They 
appeared (see Fig. 5A in Traub and Vorgias, 1983), however, to vary 
considerably in diameter. Why the filaments in those studies were more 
variable than those seen in this study is not clear. Some of the 
variation may be attributed to the negative staining techniques or the 
polymerization conditions used. 
The results described herein provide a method for the purification 
of polymerization-competent vimentin in sizable quantities from an 
easily obtainable and inexpensive source. Because vimentin is somewhat 
more soluble than desmin (Hartzer and Robson, 1984), we have found it 
easier to examine the 10-nm filament assembly process (Hartzer and 
Robson, 1984; Ip et al., 1983, 1984) with vimentin. 
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ABSTRACT 
Purified porcine vascular smooth muscle vimentin and cardiac desmin 
are in a soluble, protofilamentous form above pH 8 at low ionic 
strength. Increasing the ionic strength or lowering the pH causes these 
proteins to assemble into intermediate (lO-nm) filaments. To better 
understand some of the parameters affecting intermediate filament self-
assembly and to compare the properties of these proteins, experiments 
were done to systematically examine the effects of pH, ionic strength, 
divalent cation concentration and reducing agents on the filament 
assembly process. The results indicated that, at low ionic strength at 
pH 7.0, desmin was assembled to a much greater extent than vimentin. 
When the ionic strength was increased to 0.05, pH 7.0, desmin formed 
intermediate filaments greater than 1 lim in length. Vimentin required 
an ionic strength of 0.17 to achieve the same degree of self-assembly at 
pH 7.0. Both desmin and vimentin were more soluble at low ionic 
strength when a reducing agent was included in the polymerization 
buffer. At physiological ionic strength, the presence of a reducing 
agent had little effect. At the same ionic strength, both proteins were 
assembled to a greater extent when divalent cations rather than 
monovalent cations were used in the polymerization buffer. At divalent 
cation concentrations of 10 mli or greater, the filaments formed were 
wider and more highly aggregated. When samples containing a mixture of 
desmin and vimentin protofilaments were polymerized in a series of 
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buffers of increasing ionic strength, heteropolymers were formed whose 
solubility properties were intermediate between those of desmin and 
vimentin homopolymers. Electron microscope examination of these 
heteropolymeric intermediate filaments showed they were much longer than 
vimentin homopolymers formed under the same conditions. The 
heteropolymeric intermediate filaments were decorated uniformly when 
incubated on-grid with either desmin or vimentin antibodies. These 
latter results confirmed that desmin and vimentin could copolymerize in 
vitro to form heteropolymeric intermediate filaments. 
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INTRODUCTION 
Almost all vertebrate cells contain a complex, fibrillar network 
known as the cytoskeleton which includes intermediate (10-nm) filaments, 
microtubules, and actin-containing microfilaments. Five distinct 
classes of intermediate filaments are presently recognized: (1) 
neurofilaments in neurons; (2) keratin or tonofilaments in the 
epithelia; (3) glial filaments in astrocytes; (4) desmin filaments in 
mature striated and most smooth muscle cells; (5) vimentin filaments in 
tissues of mesenchymal origin and many vascular smooth muscle cells (for 
recent reviews see Lazarides, 1980, 1982; Anderton, 1981; Osbom and 
Weber, 1982; Osbom et al., 1982; Fuchs and Hainukoglu, 1983). The 
major subunit proteins of intermediate filaments share general 
properties such as insolubility at physiological pH and ionic strength, 
an alpha-helical content of approximately 40-455»» and the ability to 
reassemble into synthetic 10-nm filaments. But, they can be clearly 
differentiated on the basis of several biochemical and immunological 
criteria. 
In smooth muscle cells of the digestive tract, desmin filaments 
form a three-dimensional, cytoskeletal network that interconnects the 
intracellular dense bodies and membrane attachment plaques (Cooke and 
Fay, 1972; Cooke, 1976; Small and Sobieszek, 1977; Tsukita et al., 
1983). In both cardiac and skeletal muscle, desmin has been shown by 
immunoelectron microscopy to be primarily localized in filaments running 
IjO 
perpendicular to the longitudinal axis of the myofibrils at the level of 
the Z-line, and it also is found at or near desmosomes in the 
intercalated discs in cardiac cells (Richardson et al., 1981; Tokuyasu, 
1983). It has been proposed that in striated muscle intermediate 
filaments surround the periphery of the Z-lines, linking adjacent Z-
lines together, and to the sarcolemma or other membranous organelles 
(Lazarides, 1980; Richardson et al., 1981; Lazarides et al., 1982). 
Vimentin filaments are seemingly associated with both the nuclear 
and plasma membranes in fibroblasts (Lehto et al., 1978; Small and 
Celis, 1978), and it has been suggested that these filaments provide the 
nucleus with mechanical support within the cell (Laurila at al., 1981). 
It has been shown that during mitosis metaphase spindles are encased in 
a network of vimentin filaments, indicating that the filaments may play 
a role in maintaining the position of the mitotic spindle (Zieve et al., 
1980). 
Amino acid sequence studies have shown that vimentin and desmin are 
very similar in molecular weight (54,000 vs. 53,000, respectively), and 
with the exception of the highly variable amino terminus, they show a 
sequence homology of about 65% (Geisler and Weber, 1981c; 1982, Quax et 
al., 1983; Geisler et al., 1983). There is very little sequence 
homology between the two proteins in the nonalpha-helical amino-terminal 
headpiece. This region may be responsible for most of the observed 
differences in properties between the two proteins (Geisler et al., 
1983). 
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The ability of purified subunit proteins to reassemble into 
synthetic intermediate filaments is a property common to all classes of 
intermediate filaments, but the conditions required for reassembly vary. 
The highly insoluble keratins can be reassembled at very low ionic 
strength (Steinert et al., 1976; Fukuyama et al., 1978; Gipson and 
Anderson, 1980; Matoltsy et al., 1981; Milstone, 1981). Desmin, on the 
other hand, requires conditions closer to those found ^  vivo for self-
assembly (Huiatt et al., 1980, Hartzer et al., 1980, Geisler and Weber, 
1980, O'Shea et al., 1981). Attempts by some other workers to study 
repolymerized desmin have been hampered by actin contamination or other 
unknown problems and have resulted in extreme variability in morphology 
of their reconstituted filaments (Fellini et al., 1978; Hubbard and 
Lazarides, 1979; Price, 1984). Vimentin also has been repolymerized 
under a variety of conditions, some more physiological-like than others 
(Zackroff and Goldman, 1979; Cabrai et al., 1981; Geisler and Weber, 
1981a; Renner et al., 1981; Traub and Vorgias, 1983). Using chemical 
cross-linking techniques, Quinlan and Franke (1982) have shown, that in 
some instances, both desmin and vimentin are located within the same 
filament. Steinert and coworkers (1981) have used the dissociation 
properties of desmin and vimentin filaments to show that these proteins 
will form copolymers ^  vitro. In order to better understand some of 
the factors affecting self-assembly of vimentin and desmin and to 
compare the polymerization properties of these two homologous proteins, 
we report here the results of a series of experiments in which we have 
1)2 
systematically investigated the effects of pH, ionic strength, divalent 
cation concentration, and reducing agents on the self-assembly process.^ 
We have also investigated the copolymerization of desmin and vimentin 
and the distribution of both proteins within heteropolymeric 
2 intermediate filaments . 
MATERIALS AND METHODS 
Purification of desmin and vimentin 
Desmin was purified from porcine cardiac muscle according to the 
method of Hartzer et al. (1930)^. Briefly, the residue remaining after 
much of the actomyosin was extracted from cardiac myofibrils was 
extracted in 8 M urea. The urea-solubilized desmin was further purified 
by batch chromatography using DEAE^-cellulose followed by batch 
chromatography using hydroxyapatite, both in the presence of 6 M urea. 
A final column chromatography step in 6 H urea on DEAE-Sepharose CL-6B 
resulted in highly purified cardiac desmin, with no trace of actin or 
vimentin. 
Vimentin was purified from the tunica media of porcine aorta 
according to the method of Hartzer et al. (1982)^. Briefly, a smooth 
muscle myofibril fraction was prepared, much of the actomyosin was 
extracted with high ionic strength solutions, and the vimentin in the 
remaining residue was solubilized with an 8 M urea-containing solution. 
Additional purification steps included batch chromatography on DEAE-
cellulose, followed by column chromatography on hydroxyapatite and then 
DEAE-Sepharose CL-6B (all done in ô M urea-containing solutions). The 
purified vimentin had no detectable traces of actin or desmin. 
Following chromatography, urea was removed from both proteins by 
<5 I) 
extensive dialysis against 1 mM DTE ,10 mM Tris -acetate, pH 8.5, 
followed by dialysis against 10 mH Tris-acetate, pH 8.5. Concentrations 
1M 
of purified vimentin and desmin were determined by the biuret method 
(Gomall et al., 1949) as modified by Robson et al. (1958) or by the 
Folin-Lowry method (Lowry et al., 1951). 
Filament formation studies 
To ascertain the effect of ionic conditions on assembly, samples of 
purified desmin or vimentin at a concentration of 0.6 mg/ml in 10 mli 
Tris-acetate, pH 8.5, were dialyzed overnight (12-16 h) against the 
appropriate buffer at 2^C. The exact buffers used in each experiment 
are given in the figure legends. After dialysis, the samples were 
centrifuged at low speed (17,000 x ^  for 30 min) for all experiments 
except for those designed for the determination of the effect of pH on 
solubility. For the determination of the effect of pH on filament 
assembly, the samples were centrifuged at high speed (183,000 x £ for 1 
h). Following centrifugation, the supematants were carefully removed 
and the amount of protein in the supernatant was determined by the 
Folin-Lowry procedure. In order to avoid effects of interfering 
substances, the protein was precipitated in 10^ TCA., sedimented by 
centrifugation, and redissolved in a constant volume of 1 NaOH (Lowry 
et al., 1951). The amount of protein sedimented in each sample was 
calculated as the initial (total) protein minus the protein 
concentration in the supernatant, after corrections for controls. Data 
were expressed as the percentage of total protein sedimented. The data 
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points represent the average of triplicate samples from two different 
protein preparations. For the copolymerization experiments, the desmin 
and vimentin in 10 mid Tris-acetate, pH 8.5, were added in the selected 
ratios to a total protein concentration of 0.6 mg/ml, and then 
polymerized as outlined above. 
Electron microscopy 
Samples of desmin, vimentin, or a mixture of both at a total 
protein concentration of 0.1-0.2 mg/ml were polymerized by dialysis 
against the appropriate buffer. A drop of the polymerized protein 
suspension was placed on a 400-mesh copper grid that had been covered 
with a carbon support film. The grids had been glow discharged prior to 
use to allow better spreading of the filaments. The protein suspension 
was allowed to stand for 30 s, washed with 6-8 drops of distilled water, 
and the excess water was removed by touching the edge of the grid with a 
piece of filter paper. The grid was then stained with 1.5% aqueous 
uranyl acetate for 60-90 s and the excess stain was removed by touching 
the grid with filter paper. The grids were allowed to air dry and then 
examined in a JEOL 100 CX II operated at 80 kV. 
For the antibody decoration experiments, the filaments were 
polymerized and placed on the grid as described above. A drop of the 
vimentin or desmin antiserum diluted 1:100 with phosphate buffered 
saline (PBS) was placed on the grid for 15-30 s, washed with 6-8 drops 
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of PBS, and then stained as above. The antisera had previously been 
fractionated by chromatography on DEAE Affi-Gel Blue (Bio-Rad 
Laboratories, Richmond, CA). Both the desmin and vimentin antisera have 
been characterized elsewhere (Hartzer et al., 1982)^*^. 
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RESULTS 
We have shown elsewhere (Hartzer et al., 1980, Hartzer et al., 
1982),^ '4 tMt both highly purified porcine cardiac desmin and vascular 
smooth muscle vimentin can be reassembled into synthetic 10-nm filaments' 
by dialysis against buffers at near physiological pH and ionic strength. 
These filaments closely resemble native intermediate filaments in 
morphology as observed by Huiatt et al. (lySO). To further investigate 
some of the factors influencing intermediate filament assembly and to 
better understand differences between vimentin and desmin, experiments 
were done to examine the effects of pH, ionic strength, divalent cation 
concentration, and reducing agents on assembly of vimentin and desmin 
into synthetic filaments, and on the ability of desmin and vimentin to 
copolymerize into heteropolymeric intermediate filaments. In all 
experiments, electron microscope observations were correlated with the 
quantitative data on degree of assembly. 
The first set of experiments was done to examine the effects of pH 
on the formation of desmin and vimentin filaments at low ionic strength. 
As described in the Materials and Methods, samples of unpolymerized 
vimentin and desmin were dialyzed against a series of low ionic strength 
buffers at selected pH values, centrifuged at high speed (183,000 x 
these conditions sediment everything larger than the 2 x 50 nm 
protofilaments) for 1 h, and the amount of protein remaining in the 
supernatant (solubility) was quantitated. Data were expressed as 
Fig. 1 Effect of pH on the formation of filaments from purified 
cardiac desrain or vascular vimentin at low ionic strength 
Samples were dialyzed, centrifuged (183,000 X£), and the 
protein remaining in the supernatant was determined as 
outlined in the Materials and Methods. Buffers used were 10 
raM Na-acetate, pH 4-6; 10 mM imidazole-HCl, pH 6.0-7.5; 10 mM 
Tris-HCl, pH 7.5-9.0. Data are expressed as percent of total 
protein sedimented. Open circles represent vimentin and 
closed circles represent desmin samples. 
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percent total protein sedimented. It was assumed this value 
corresponded to yield of filaments because electron microscope 
observations revealed few, if any, nonfilamentous aggregates in the 
supernatant. 
There were significant differences in solubility properties in 
response to pH between desmin and vimentin (Fig. 1). At pH 4"0, the 
vimentin was essentially insoluble, whereas the desmin was only 40^ 
insoluble. In the pH range of 4*5 to 6.0, both proteins were insoluble. 
An electron micrograph of desmin filaments formed at pH 5.0 (Fig. 2A) 
reveals that the filaments were highly aggregated, and tended to be 
slightly larger (10-17 nm) and more variable in diameter than native 
intermediate filaments. Micrographs of vimentin filaments formed at pU 
5.0 show they are quite similar in appearance to the desmin filaments 
formed at this pH (not shown). At pH 6.0, the desmin is still nearly 
100/Ù insoluble, but the solubility of the vimentin has increased. 
Micrographs reveal that vimentin exists as short filaments at this pH 
(Fig. 2C). The filaments are approximately 10 nm in diameter and vary 
from about 50 to 130 nm in length. At the same pH, desmin formed long, 
highly aggregated filaments, similar in appearance to those formed at pH 
5.0 (Fig. 2A). At pH 7.0, the vimentin is nearly 9055 soluble, whereas 
the desmin remains nearly insoluble. At this pH, desmin forms 10 nm 
filaments which are reasonably uniform in diameter and that vary in 
length from 200 nm to over 1 ym in length (Fig. 2B). By contrast. 
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vimentin at pH 7.0 exists as very short filamentous particles (Fig. 2D), 
with protofilaments visible in the background. The filamentous 
particles present were approximately 10 nm in diameter, but only 50 to 
70 nm in length. At pH 8.5 at low ionic strength, both desmin and 
vimentin are nearly lOûjS soluble and exist as protofilaments (Huiatt et 
al., 1930, Renner et al., 1981). These results indicate that desmin at 
this low ionic strength is 50^ soluble at pH 7.4» whereas the 50# 
solubility point for vimentin is at pH 6.5. 
A second set of experiments was designed to examine the effect of 
ionic strength on solubility of desmin and vimentin, both at pH 7.0 
where desmin formed short 10-nm filaments at low ionic strength, and at 
pH 3.5» where both proteins are soluble and exist in a protofilamentous 
form at low ionic strength. The results of the pH vs solubility 
experiment (Fig. 1) show that SOyi of the desmin was sedimented in 10 mM 
imidazole-HCl, pH 7.0, when centrifuged at high speed (183,000 x ^ for 1 
h). To more accurately determine the effect of ionic strength on 
filament assembly, a low speed centrifugation method developed in our 
laboratory by Huiatt et al. (manuscript submitted)^ for studies on avian 
gizzard desmin was used. Centrifugation at relatively low centrifugal 
force (17,000 x ^  for 30 rain) pellets longer filaments, but leaves 
shorter filaments and small aggregates in the supernatant. Examination 
of samples from the supernatant shows that only filaments shorter than 
about 300 nm are present. If the supernatant is allowed to stand for 
Fig. 2 Electron micrographs of negatively stained intermediate 
filament preparations showing the effect of pH on formation of 
reconstituted filaments 
(A) Desmin filaments formed by dialysis against 10 mM Na-
acetate, pH 5.0. (B) Desmin filaments formed by dialysis 
against 10 mM imidazole-HCl, pH 7.0. (C) Short vimentin 
filaments formed after dialysis against 10 mM imidazole-HCl, 
pH 6.0. (D) Vimentin filamentous particles after dialysis 
against 10 mli imidazole-HCl, pH 7.0. Magnification is 
85,000%; bar represents 200 nm. 
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several hours before examination in the electron microscope, longer 
filaments are again observed (Huiatt et al., manuscript submitted) ^  
indicating the existence of an equilibrium between protofilaments and 
filaments. 
ïne results of experiments using the low speed centrifugation 
method to quantitate effect of ionic strength on the degree of filament 
formation are shown in Fig. 3. The desmin and vimentin behave quite 
differently at lower ionic strengths at pH 7.0, where nearly all the 
desmin sediments, but most of the vimentin remains in the supernatant. 
At near physiological ionic strength, pH 7.0, both desmin and vimentin 
exist as long 10-nm filaments. When samples of desmin and vimentin 
polymerized at 60 mM NaCl, 10 mM imidazole-HCl, pri 7.0, were examined in 
the electron microscope (Fig. 10 A,B), vimentin exists as relatively 
short 10-nm filaments that vary in length from 70 to 600 nm. Desmin, on 
the other hand, forms long 10-nm filaments, some several ym in length. 
At pH 8.5» desmin emd vimentin again behave differently as the 
ionic strength is increased. Desmin remains relatively soluble until an 
ionic strength of 0.07 is reached. At an ionic strength of 0.11, most 
(75-80#) of the desmin is in the form of relatively long filaments and, 
thus, sedimentable. Electron microscope observations show that the 
desmin filaments differ considerably in appearance from those formed at 
pH 7.0, often being more variable in diameter and highly branched (not 
shown). At pH 8.5» vimentin does not exist as 10-nm filaments until an 
Fig. 3 The effect of ionic strength on the formation of filaments 
from purified cardiac desrain or vascular vimentin 
Samples of desmin or vimentin were dialyzed against solutions 
of increasing ionic strength (attained by adjustment of NaCl 
concentration). Samples at pH 7.0 were buffered with 10 mM 
imidazole-HCl. Those at pH 8.5 were buffered with 10 mM Tris-
acetate. The samples were dialyzed, centrifuged (17,000 x,^) 
and the protein in the supernatant was determined as outlined 
in the Materials and Methods. (•-•-•) desmin, pH 7.0; 
(o-o-o) vimentin, pH 7«0; (a-a-a) desrain, pH 8.5; (6-A-A) 
vimentin, pH 8.5» 
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Fig. 4 The effect of concentration on the formation of vimentin 
and cardiac desmin reconstituted filaments 
Filaments were formed by dialysis against a series of 
solutions with increasing MgClg concentrations buffered at pH 
7.0 with 10 mM imidazole-HCl and at pH 8.5 with 10 mM Tris-
acetate. Samples were processed as described in the 
Materials and Methods. (•-•-•) desmin, pH 7.0; (o-o-o) 
desmin, pH 3.5; (4-à-A) vimentin, pH 7.0. 
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ionic strength of 0.05 is reached (ip et ai., 1983). Even at an ionic 
strength of 0.16, most (>80#) of the vimentin remains in the supernatant 
at pH 8.5. 
The low speed centrifugation method was used to examine effects of 
Mg^^ ion concentration on the assembly of vimentin and desmin filaments 
at pH 7.0 and on desmin at pH 8.5. The results (Fig. 4) show that 
vimentin is again more soluble than desmin as the Mg^"*" concentration is 
increased. It is also evident that, at the same ionic strength, Mg^* 
was much more effective than monovalent salts in promoting both desmin 
and vimentin filament growth, for example, at pH 7.0, the ionic 
strength of 10 mM MgCl^ (including buffer) is 0.038 and, under these 
conditions, desmin is 95>é and vimentin 75$ sedimentable by low speed 
centrifugation. To achieve the same degree of polymerization (as 
measured by centrifugation) using monovalent salts, requires an ionic 
strength of 0.06 for desmin and 0.145 for vimentin. 
Electron micrographs of intermediate filaments formed from desmin 
or vimentin by dialysis against 2 mM or 10 mM MgCl^ at pH 7.0 are shown 
in Fig. 5. At 2 mM MgCl^, vimentin forms very short filaments (70-300 
nm in length) (Fig. 5A). Also present in the background are numerous 
spherical particles with diameters of 12-20 nm. Desmin, when 
polymerized under the same conditions, forms much longer 10-nm filaments 
(Fig. 5B), with lengths of 150 am to nearly 1 ym. In the background, 
however, many protofilaments and partially assembled filaments are still 
Fig. 5 Electron micrographs of negatively stained intermediate 
filaments formed by dialysis against selected concentrations 
of MgCl^ at pH 7.0 
A, short vimentin filaments formed by dialysis against 2 mM 
MgClg, 10 mM imidazole-HCl, pH 7.0. B, longer desmin 
filaments formed by dialysis against 2 mM HgCl^, 10 mM 
imidazole-HCl, pH 7.0. C, vimentin filaments formed at 10 mM 
MgCl^, 10 mM imidazole-HCl, pH 7*0. D, desmin filaments 
formed at 10 mM MgClg, 10 mM imidazole-HCl, pH 7.0. 
Magnification a7,000x; bar represents 200 nm. 
151 
152 
visible. When vimentin is polymerized at 10 mM MgCl^, pH 7.0 (Fig. 5C), 
the filaments formed are much longer than those formed at 2 mM MgCl^ 
(Fig. 5A), but it was difficult to measure the length of individual 
filaments because of the degree of filament aggregation. The filaments 
are also wider (13-20 nm) and more variable in diameter. Desmin 
filaments formed under identical conditions (Fig. 5D) more closely 
resemble native 10-nm filaments, but also are wider (10-16 nm) and more 
variable in diameter than the native filaments. 
To determine if the observed effects of Mg^^ on filament formation 
were common for other divalent cations, a similar set of experiments was 
done using CaCl^ instead of MgClg in the polymerization buffers. The 
results of the low speed centrifugation experiments using CaClg as the 
divalent cation source are very similar to Fig. 4 (results not shown). 
Electron micrographs of filaments formed by dialysis against 2 mM and 10 
mM CaClg are shown in Fig. 6. Vimentin (Fig. ôA) and desmin filaments 
(Fig. 5B) formed at 2 mM CaClg closely resemble in appearance the 
filaments formed at 2 mM MgCl^ (Fig. 5A,B). The only noticeable 
difference is the lack of spherical particles in the vimentin sample 
dialyzed against 2 mM CaCl^. At 10 mii CaClg, both vimentin (Fig. 6C) 
and desmin (Fig. 6D) form long filaments which exhibit a tendency toward 
side-to-side aggregation. Again, both vimentin and desmin filaments 
were wider than filaments formed at lower divalent cation 
concentrations, with the desmin filaments more uniform in diameter. 
Fig. 6 Electron micrographs of negatively stained intermediate 
filaments formed by dialysis against selected concentrations 
of CaClg at pH 7.0 
A, short vimentin filaments formed at 2 mM CaClg, 10 mM 
imidazole-HCl, pH 7.O.. B, short desmin filaments formed at 2 
mM CaClg, 10 mM imidazole-HCl, pH 7. C, vimentin filaments 
formed at 10 mM CaClg, 10 mM imidazole-HCl, pH 7. D, desmin 
filaments formed at 10 mM CaCl^, 10 mM imidazole-HCl, pH 7.0. 
Magnification 85,000%; bar represents 200 nm. 
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The results indicate that filaments formed at high concentration of 
divalent cations tend to be larger in diameter than native intermediate 
filaments and exhibit a greater tendency to aggregate. Our low speed 
centrifugation assays also showed little difference between the effects 
of and Mg*^ on the solubility of desmin and vimentin (not shown). 
The low speed centrifugation method was used to investigate the 
effects of reducing agents on assembly of intermediate filaments. This 
set of experiments was done by dialyzing samples of unpolymerized desmin 
or vimentin against a series of buffers of increasing ionic strength, 
with all buffers containing 1 mM DTE. The data were then compared with 
results of the ionic strength experiment (Fig. 3)» and plotted on the 
same graph for comparative purposes (Fig. 7). The data clearly show 
that presence of 1 mM DTE increases the solubility of desmin when 
measured at an ionic strength less than 0.11, pH 7*0. Above this ionic 
strength, the desmin is nearly 100$ sedimentable in the presence or 
absence of reducing agents. The greatest difference in response to 
reducing agents occurs at an ionic strength of 0.03, where desmin is 
only 25?» sedimentable when 1 mM DTE is included in the buffer, but 
greater than 80% sedimentable in the absence of reducing agents (Fig.7). 
Fig. a shows electron micrographs of filaments formed at the same ionic 
strength in the presence or absence of 1 mM DTE. At 25 mM NaCl, pH 7.0, 
in the absence of a reducing agent, desmin assembles into 10-nm 
filaments, mostly greater than 500 nm in length (Fig. 8A). 
Fig. 7 Effects of a reducing agent (1 mM DTE) on intermediate 
filaments formed at various ionic strengths at pH 7«0 
Filaments were formed by dialysis against a series of 
solutions of increasing ionic strength (adjusted by altering 
NaCl concentration), each containing 1 mM DTE. Samples were 
centrifuged (17,000 x,jf), and the protein remaining in the 
supernatant was determined as described in the Materials and 
Methods. (#-«-#) desmin, pH 7.0; (o-o-ô) desmin, pH 7.0, 1 mM 
DTE; (A-A-A) vimentin, pH 7.0; (a-A-A) vimentin, pH 7.0, 1 mil 
DTE. 
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In the same buffer, except for the presence of 1 mM DTE, the filaments 
formed are much shorter (Fig. 33), averaging only about 150 nm in 
length, and are very irregular in appearance. There also is an increase 
in the number of protofilaments and nonfilamentous material in the 
background. 
The presence of 1 mM DTE in the polymerization buffer increases the 
solubility of vimentin over a wide range of ionic strengths (Fig. ?)• 
Fig. 8C and D show vimentin filaments formed at 40 oH NaCl, pH 7.0, in 
the absence and presence of 1 mM DTE, respectively. It its absence, the 
vimentin filament lengths vary between about 150 and 400 nm. When 1 mM 
DTE was added to the buffer, most of the filaments observed were less 
than 150 nm in length, and much of the protein remained as 
protofilaments or undefined particles in the background. 
When samples of desmin (Fig. 8E) and vimentin (Fig. 8F) were 
polymerized in the presence of 100 mM and 170 mM NaCl, pfi 7.0, 
respectively, in the presence of 1 mM DTE, the filaments are 9 to 12 nm 
in diameter, and relatively uniform in appearance. The najority of the 
desmin filaments are greater than 1 y m in length (Fig. 8E). The 
vimentin filaments in Fig. 8F show a region of the grid in which the 
filaments are longer than the average filaments in the sample. Other 
regions of the grid (not shown) contained shorter filaments which are 
more variable in length. From this set of experiments, we conclude 
that although the presence of a reducing agent increases the solubility 
Fig. 3 Electron micrographs of negatively stained intermediate 
filaments showing the effect of a reducing agent (l mM DTE) on 
formation of reconstituted filaments 
A, desfflin filaments formed by dialysis against 25 mM NaCl, 10 
mM imidazole-HCl, pH 7.0. B, shorter desmin filaments formed 
by dialysis against 25 mM NaCl, 1 mM DTE, 10 imidazole-HCl, 
pH ?s0. C, short vimentin filaments formed at 40 mM NaCl, 10 
mM imidazole-HCl, pH 7.0. D, even shorter vimentin filaments 
and filamentous particles formed at 40 mM NaCl, 1 mM DTE, 10 
mM imidazole-HCl, pH 7.0. E, vimentin filaments formed at 150 
mM NaCl, 1 mM DTE, 10 mM imidazole-HCl, pH 7.0. F, desmin 
filaments formed at 100 mM NaCl, 1 mM DTE, 10 mM imidazole-
HCl, pH 7.0. Magnification 8ô,000x; bar represents 200 nm. 
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of vimentin and desmin (only at lower ionic strengths), the filaments 
formed at higher ionic strength are very similar in morphology to those 
formed under optimal polymerization conditions (i.e., for desmin, 100 mM 
NaCl, Imli MgClg, pH 7.0; for vimentin, 170 mM NaCl, ImM MgClg, pH 7.0) 
The observed differences in self-assembly properties of desmin and 
vimentin as the ionic strength is increased (Fig 2) indicates that the 
low speed centrifugation method can be used to determine if desmin and 
vimentin are capable of copolymerization to form heteropolymeric 
intermediate filaments. At a NaCl concentration of 50 mM, pH 7.0, 
nearly 90^ of the desmin is sedimented and, thus, in the form of 
filaments longer than about 0.3 ym. Under the same conditions, vimentin 
was only 20% sedimentable. If samples containing equal amounts of 
unpolymerized desmin and vimentin are mixed together sind then 
polymerized in a series of buffers of increasing NaCl concentration, one 
would expect to find nearly all the desmin to be sedimentable at NaCl 
concentrations of 50 mM and greater, but only 20?S of the vimentin to be 
sedimentable if desmin and vimentin form homopolymers. Thus, if desmin 
and vimentin form homopolymers, one would expect to see a biphasic 
solubility curve that would reflect the rapid polymerization of desmin 
at low ionic strengths, plateau at about 50 mM NaCl, and a slower change 
as more vimentin polymerizes at higher ionic strength. If the desmin 
and vimentin copolymerizes to form heteropolymers, one would expect to 
see a smooth increase in amount of sedimentable protein as the ionic 
Fig. 9 Effect of increasing ionic strength on the copolymerization of 
vimentin and cardiac desmin mixtures 
Mixtures of vimentin and desmin were polymerized, centrifuged 
(17,000 and the protein remaining in the supernatant was 
determined as described in the Materials and Methods. All 
samples were buffered at pH 7.0 with 10 mM iraidazole-HCl. 
(o-o-o) 100# desmin; (•-•-•) 100# vimentin; (A-a-A) 75525 
(w/w) vimentin:desmin; (o-o-o) 50:50 (w/w) vimentin:desmin; 
(O-A-A) 75:25 (w/w) desmin:vimentin. 
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strength is increased. The results of the copolymerization experiment 
are shown in Fig 9. Jnpolymerized desmin and vimentin were mixed at 3 
ratios (w/w); 75:25, 50:50, and 25:75; of desmin:vimentin. In all 
cases, the solubility curve shows a smooth transition with increase in 
ionic strength, thus showing that in this vitro polymerization assay, 
desmin and vimentin can copolymerize to form heteropolymeric 
intermediate filaments. 
To corroborate the evidence for copolymerization shown in the 
solubility experiments, samples of vimentin, desmin and a 50:50 (w/w) 
mixture were polymerized at 60 mil NaCl, pH 7.0. Fig. lOA shows that 
vimentin polymerized at this ionic strength forms short filaments (70-
600 nm in length). Desmin, when polymerized under the same conditions, 
forms 10-nm filaments, with the majority of them over 1 ym in length, 
(Fig. lOB). The 50:50 mixture (Fig. IOC), when polymerized under these 
same conditions, forms filaments more similar in length and morphology 
to the desmin filaments. The diameter and morphology (smooth-sidedness) 
of the heteropolymeric filaments are indistinguishable from those of 
homopolymeric desmin or vimentin filaments. To show that vimentin was 
incorporated into the long filament observed in the polymerized 50:50 
mixture (Fig. 10C), the filaments were incubated on-grid with anti-
vimentin IgG. Fig. IIA shows that the vimentin polyclonal antibodies 
decorated the filaments nearly uniformly. A similar result was obtained 
when the filaments were incubated on grid with anti-desmin IgG (not 
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shown). To show specificity of the vimentin antiserum, and as an 
internal control, filaments formed from purified desmin were incubated 
on-grid with anti-vimentin IgG. Fig. IIB shows that the desmin 
filaments were not decorated by the vimentin antibodies (i.e., the 
filaments remain smooth-sided rather than decorated with IgG molecules). 
Fig. 10 Electron micrographs of negatively stained intermediate 
filaments showing the results of copolymerization of vimentin 
and desmin 
All samples were polymerized by dialysis against 60 mM NaCl, 
10 mM imidazole-HCl, pH 7.0. A, short vimentin filaments 
formed from purified vimentin; B, desmin filaments formed from 
purified desmin; C, filaments formed from a 50:50 (w/w) 
mixture of purified desmin and purified vimentin. Bars 
represent 200 nm. lOj.OOOx. 
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Fig. 11 Electron micrograph of negatively stained preparations showing 
the binding of vimentin antiserum to copolymerized 
(desmin/vimentin) intermediate filaments 
A, filaments formed by dialysis of a 50:50 (w/w) mixture of 
vimentin and desmin against 60 mM NaCl, 10 mM imidazole, pH 
7.0, and then incubated on-grid with vimentin antiserum; B, 
desmin filaments formed by dialysis against 60 mH NaCl, 10 mM 
imidazole-HCl, pH 7.0, and then incubated on-grid with 
vimentin antiserum. Bar represents 200 nm. 143,000%. 
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DISCUSSION 
Insofar as we are aware, this is the first study which carefully and 
systematically compares the ability of desmin and vimentin to self-
assemble into 10-nm filaments. At this time, the only known biological 
activity for desmin or vimentin is their ability to form 10-nm 
filaments. The results of these experiments clearly show that at near 
physiological pH and ionic strength, both proteins form filaments 
similar in morphology to the native intermediate filaments described 
previously by Huiatt et al. (1980). When polymerized at identical, but 
less than optimal conditions, desmin was more highly assembled into 
filaments than vimentin. The solubility/assembly differences observed 
between desmin and vimentin may be partially accounted for by the more 
acidic isoelectric point of vimentin (5»5) compared to that of desmin 
(5.8) (Tuszynski et al., 1979). It has been proposed that intermediate 
filaments are stabilized by hydrophobic interactions (Huiatt et al., 
1980). Perhaps, the high negative charge on the 10-nm filament subunit 
protein must be overcome by increasing the ionic strength or by lowering 
the pH for assembly to occur. Vimentin, being more highly charged, may 
require a lower pH or higher ionic strength to achieve the same degree 
of filament assembly. 
Divalent cations were more effective than monovalent cations in 
promoting filament elongation when present at the same ionic strength. 
2+ 2+ At low concentrations of Mg or Ca , some spherical nonfilamentous 
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aggregates were observed in addition to short lO-nm filaments. Similar 
aggregates/structures have been reported by other investigators 
(Krishnan et al., 1979; Franke et al., 1982a; Franke et al., 1982b), but 
their nature remains unclear. At divalent cation concentrations of 10 
mH or greater, the intermediate filaments formed were consistently wider 
in diameter than native intermediate filaments and were usually 
aggregated side-to-side. Lateral association of keratin filaments to 
form bundles in the presence of divalent cations also has been noted 
(Fukuyama et al., 1978; Sakamoto et al., 1980). Aebi et al. (1983) 
reported that keratin filaments aggregated into ribbon-like structures 
at Caf* concentrations greater than 5 mH. And, Traub and Nelson (1982) 
have demonstrated that filaments formed from vimentin of Ehrlich ascites 
tumor cells tend to aggregate into parallel arrays in the presence of 4 
mM Mg^"*". They also showed that divalent cations, along with monovalent 
cations, were necessary to stabilize the cytoskeleton. 
Our results show that, at low ionic strength, both desmin and 
vimentin form shorter filaments ^  vitro when a reducing agent is 
included in the polymerization buffer. At ionic strengths greater than 
0.1, reducing agents have little effect on the solubility/assembly of 
desmin. Vimentin, on the other hand, remains more soluble (i.e., it is 
less likely to assemble into long 10-nm filaments) in the presence of a 
reducing agent even at an ionic strength of 0.17. Electron microscope 
observations show that filaments formed at higher ionic strength from 
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either desmin of vimentin with reducing agent present are similar in 
morphology to those formed in its absence. Sequence data have shown 
that both desmin and vimentin polypeptides contain a single cysteine 
residue (Geisler and Weber, 1982; Quax et al., 1983; Geisler et al., 
1983). Although cysteinyl residues are sufficiently close to each other 
to allow the formation of some disulfide bonds between desmin or 
vimentin monomers within their respective protofilaments (Quinlan and 
Franke, 1982); our results, along with those of others (Steinert et al., 
1976, Rueger et al., 1979, Zackroff and Goldman, 1979» Geisler aind 
Weber, 1981a, Renner et al., 1981, Steinert et al., 1981) indicate that 
the formation of disulfide bonds is not necessary for intermediate 
filament assembly because they can be assembled in the presence of high 
concentrations of reducing agent. Our results, especially those 
obtained with desmin, suggest that at lower ionic strength, the absence 
of a reducing agent and formation of some disulfide bonds may somehow 
stabilize the nascent filament and promote filament assembly. When the 
ionic strength is increased, the stabilizing effect of the disulfide 
bonds is no longer necessary and full-length filaments are formed in the 
presence or absence of a reducing agent. The exact location of the 
disulfide bond formed under nonreducing conditions is not yet known. If 
the disulfide bond is formed between monomers within a dimer (coiled-
coil) (i.e., the way it is between cysteinyl residues of tropomyosin 
subunits in vitro (Johnson and Smillie, 1975)) in the four-chain 
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protofilament, it is difficult to explain the observed difference in 
solubility in the presence of a reducing agent. On the other hand, if 
the disulfide bond is formed between monomers of adjacent dimers in a 
protofilament or between the chains of two separate protofilaments, this 
may result in a "stabilized" structure that promotes more rapid 
elongation. A complete explanation of the observed difference in 
solubility in the presence of a reducing agent will not be possible 
until the exact location of the disulfide bond formation is determined. 
It has also been reported that filaments formed from epidermal keratins 
in the presence of a reducing agent were longer (i.e., the opposite of 
what we observed) than those formed in its absence (Steinert et al., 
1976; Fukuyama et al., 1973; Milstone, 1981). The effect observed with 
keratins, however, is probably a result of the increased number of 
cysteine residues in keratin polypeptides which can permit formation of 
"incorrect" interchain disulfide bonds during ^  vitro assembly 
(Steinert et al., 1976). In agreement with our results, showing that 
the presence of a reducing agent had little effect on the length of 
desmin and vimentin filaments formed at or near physiological ionic 
strength, are those showing that reducing agents had no effect on glial 
filaments formed in vitro (Rueger et al., 1979; Lucas et al., 1980). 
The results of our copolymerization experiments showed that, when 
samples of unpolymerized desmin and vimentin are combined in a specified 
ratio and then polymerized at various ionic strengths at pH 7.0, the 
174 
plotted curve of total protein sedimented (i.e., filaments formed) is 
smooth, rather than biphasic as would be expected if only desmin and 
vimentin homopolymers are being formed. Our results are in agreement 
with those of Steinert et al. (1981) in which they showed that the 
disassembly curve of filaments that had been formed from a mixture of 
desmin and vimentin protofilaments was intermediate between the 
disassembly curves of desmin and vimentin homopolymers. When negatively 
stained samples of heteropolymers formed from a 50:50 (w/w) mixture were 
examined by electron microscopy in my study, the filaments were much 
longer than vimentin filaments formed at the same ionic strength. When 
the same heteropolymeric filaments were incubated on-grid with anti-
vimentin IgG, they were decorated uniformly. Sharp et al. (1982) showed 
by immunoelectron microscopy that individual intermediate filaments in 
humêin glioma cells are composed of both vimentin and glial fibrillary 
acidic protein (GFAP). However, when their filaments were decorated 
with either vimentin or GFAP antibodies, the decoration pattern was 
nonuniform and highly variable, which indicates that the formation of 
heteropolymeric intermediate filaments ^  vivo may be a much more 
complex process, perhaps affected by the rates of individual protein 
biosynthesis, transport, and accessory proteins, than that which occurs 
in vitro. 
In this report, we have investigated the effects of pH, ionic 
strength, divalent cation concentration, and reducing agents on desmin 
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and viraentin self-assembly. The results of these experiments show that 
vimentin and desmin have distinctly different solubility properties, 
especially at subphysiological ionic strength. These results also 
suggest that the solubility properties of vimentin make it an ideal 
candidate to be used for the investigation of intermediate filament 
self-assembly because of the ease with which intermediate stages in the 
assembly process can be identified for further study (ip et al., 1983, 
1934). 
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OVERALL SUMMARY AND CONCLUSIONS 
Prior to the initiation of my studies, desmin had not been purified 
from the working myocardium of mature mammalian heart. As part of this 
study, we have developed a method for the purification of porcine 
cardiac desmin and have examined some of its biochemical properties. 
This procedure is based in part on procedures developed in this 
laboratory for the purification of desmin from avian smooth (Huiatt et 
al., 1930) and mammalian skeletal muscle (O'Shea et al., 1981). 
Exami::ation of two-dimensional gels of samples from the early steps 
in the preparation of cardiac desmin showed that the samples contained a 
small amount of protein which migrated at a position similar to that of 
vimentin. In view of the ongoing controversy surrounding the presence 
of vimentin in mature striated muscle (Bennett et al., 1979; Gard and 
Lazarides, 1980; O'Shea et al., 1931; Osborn et al. 1982), we wanted to 
confirm the presence of vimentin in porcine cardiac muscle by 
immunoautoradiography. In order to do so, a source of mammalian 
vimentin for use as an antigen for antibody production was required. 
About this time there were reports in the literature that some vascular 
smooth muscles from many species contained vimentin instead of desmin 
(Frank and Warren, 1981; Gabbiani et al., 1981). Using this 
information, I developed a procedure for the purification of vimentin 
from the tunica media of porcine aorti, examined selected properties of 
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this protein, and prepared an antibody to vimentin. While this work was 
in progress, methods for the purification of vimentin from porcine eye 
lens (Geisler and Weber, 1981b) and from Ehrlich tumor ascites cells 
(Nelson and Traub, 1932; Nelson et al., 1982) were reported. 
Using a sedimentation assay developed in this laboratory (Huiatt, 
1979)» I have systematically investigated the effects of pH, ionic 
strength, divalent cation concentration, and reducing agents on the in 
vitro self-assembly properties of both vimentin and cardiac desmin. One 
of the more interesting results of this study was the observed 
difference between solubility/assembly of desmin and vimentin at less 
than physiological ionic strength. Under conditions in which desmin 
forms filaments greater than 1 ym in length, vimentin forms very short 
filaments. The difference in solubility/assembly at subphysiological 
ionic strength was sufficiently great to be used as a means of 
investigating the possibility of copolymerization of vimentin and desmin 
into heteropolymeric intermediate filaments. 
Up to this time, most of the experiments conducted in this 
laboratory to investigate the assembly process in intermediate filaments 
have utilized desmin. Because of the insolubility of desmin at 
physiological pH, even at very low ionic strength, isolation of 
intermediate stages of assembly has been very difficult. The results of 
this study suggest that vimentin may be a better candidate for such 
experiments. At very low ionic strength, pH 7.0, it is present in the 
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form of very short filamentous particles. The degree of filament 
elongation can be easily controlled by varying the ionic strength and 
various stages of self-assembly can be easily identified and observed. 
It may also be possible to quantitate the degree of vimentin assembly 
using low shear (falling ball) viscometry, especially at pH 8.5 where 
the earliest stages of filament assembly can be examined by increasing 
the ionic strength in small increments. 
In order to better understand intermediate filament self-assembly, 
a set of experiments (not described in the three manuscripts) was 
designed to determine if intermediate filaments had a detectable 
polarity, i.e., do intermediate filaments grow primarily from one end in 
a manner similar to actin filaments, or are they bipolar and grow from 
both ends. The experimental procedure started with the formation of 
short vimentin filaments at low ionic strength, pH 7.0. These filaments 
were incubated with a limited amount of rabbit antivimentin IgG. 
Unpolymerized vimentin was then added, and the vimentin filaments were 
elongated by dialysis against a buffer of higher ionic strength. 
Samples of the elongated vimentin were then incubated on-grid with goat 
antirabbit IgG, negatively stained, and then observed in the electron 
microscope. It was hoped that the antibody decoration would allow the 
original short vimentin filaments to be distinguished from the portion 
of filament added during elongation, and that the pattern of growth 
could be determined by the amount of undecorated filament on each end of 
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the decorated portion. Unfortunately, the results of these experiments 
were very difficult to interpret. The pattern most often observed was 
one where within a single filament there were several short sections 
that appeared "fuzzy", separated by undecorated sections. One 
explanation of this observation is that intermediate filaments do not 
always elongate by adding individual protofilaments to an existing short 
filament, but can grow by the annealing of short 10 nm diameter 
filaments, one to another. Before any definitive conclusions can ue 
drawn from this set of experiments, additional observations need to be 
made. 
Some of the more significant conclusions that can be drawn from the 
results described in this dissertation are: 
1. Desmin can be purified to near homogeneity from mature porcine 
ventricular myocardium. The procedure involves the 8 M urea extraction 
of the residue remaining after the actomyosin and actin extraction of 
well-washed cardiac myofibrils. Final purification is achieved by batch 
chromatography using D£AE cellulose and hydroxyapatite, followed by 
column chromatography on D£A£-Sepharose CL-6%, all done in the presence 
of 6 M urea. The purified protein is free of contamination by actin or 
vimentin. 
2. Cardiac desmin exists as two isoelectric variants, with the 
majority of the protein present as the more basic variant. The 
isovariants present in the purified desmin are similar to those found in 
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the original cardiac muscle homogenate. No significant charge 
modification occurs during the purification procedure even though the 
protein is exposed to urea. 
3. Indirect immunofluorescent localization with polyclonal 
antibodies against porcine cardiac desmin localizes desmin to the 
periphery of the Z-line and to the intercalated disc region of cardiac 
myofibrils. A very small amount of desmin is localized along the 
longitudinal axis of the myofibril. 
4. Desmin exists in a soluble, protofilamentous form in 10 mM Tris-
acetate, pH 8.5. When the pH is lowered or the ionic strength is 
increased, desmin will self-assemble into 10-nm filaments that are 
similar in morphology to native smooth muscle intermediate filaments. 
The optimum ionic conditions for desmin filament formation are 100 mM 
NaCl, 1 mM MgCl^, 10 mM imidazole-HCl, pH 7.0. 
5. Two-dimensional gel electrophoresis shows that tne tunica media 
(smooth muscle layer) of a portion of porcine aorta adjacent to the 
heart contains significant quantities of vimentin, but little or no 
desmin. Immunoautoradiography with antibodies to vimentin and desmin on 
nitrocellulose blots of two-dimensional gels of aorta tunica media 
homogenate confirms these results. 
6. Vimentin can be purified to near homogeneity from the tunica 
media of a portion of porcine aorta adjacent to the heart. The vimentin 
is extracted in 8 M urea from the residue remaining after the actomyosin 
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extraction of smooth muscle myofibrils, aind is further purified by batch 
chromatography using DEAE cellulose, followed by column chromatography 
on hydroxyapatite and DJiAE-Sepharose CL-5B, all done in the presence of 
6 M urea-containing solutions. The purified vimentin is free of desmin 
and actin contamination. 
7. Porcine vascular smooth muscle vimentin exists as two 
isoelectric variants that migrate closer to the acidic end of the gel 
than do the desmin isovariants. As in the case of desmin, the majority 
of the protein is found in the more basic of the two variants. This 
pattern is similar to the one found in two-dimensional gels of samples 
of aorta tunica media homogenate, indicating that no significant charge 
modification is occurring during the purification procedure. 
8. Ultraviolet circular dichroic spectra of both soluble porcine 
cardiac desmin and vascular smooth muscle vimentin indicate an alpha-
helical content of about 41#* This is similar to values determined for 
other intermediate filament proteins. 
3. Indirect immunofluorescent localization using polyclonal 
antibodies against vimentin on both vascular smooth muscle cells and 
dermal fibroblasts in culture reveals a filamentous pattern throughout 
the cells. Treatment with colcemid causes the filaments to form 
aggregated whorls near the nucleus. 
10. At low ionic strength, pH 8.5» vimentin exists in the form of 
soluble protofilaments. When dialyzed against a buffer of physiological 
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pH and ionic strength, vimentin self-assembles into long filaments, 
approximately 10 nm in diameter, which closely resemble native filaments 
in appearance. Optimum ionic conditions for vimentin filament formation 
are 170 mM NaCl, 1 mM MgCl^, 10 mM imidazole-HCl, pH 7.0. 
11. In low ionic strength buffers, both desmin and vimentin are 
soluble at pH 8.5. At pH 7.0, desmin exists as 10-nm filaments varying 
in length from 0.2-1.0 ym, whereas vimentin is in the form of extremely 
short filamentous particles (<0.15 ym). At pH 6.0, vimentin forms short 
filaments 50-150 nm in length, and desmin exists as highly aggregated 
clumps of long filaments of variable diameter. At pH 5.0, both desmin 
and vimentin are almost completely insoluble and present as highly 
aggregated masses of filaments. Desmin is 50$& soluble at pH 7.4, 
whereas vimentin is 30% soluble at pH 6.5. 
12. Experiments to determine the effect of ionic strength on desmin 
and vimentin self-assembly at pH 7.0 show that at subphysiological ionic 
strength, vimentin is more soluble than desmin. At pH 3.5» vimentin is 
more soluble than desmin, even at physiological ionic strength. 
13. At the same ionic strength, both desmin and vimentin form 
longer filaments when divalent cations rather than monovalent cations 
are present in the polymerization buffer. Quantitative data from 
sedimentation experiments show little difference between desmin or 
2+ 2+ 
vimentin polymerized in the presence of either Ca or Mg . Electron 
microscope observations of filaments formed by dialysis against buffers 
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containing either 10 mM Ca^* or Hg^"*" show that they are significantly 
larger in diameter than native filaments and often aggregated side-to-
side. 
14» When a reducing agent is present in the polymerization buffer, 
the solubility of both desmin and vimentin at subphysiological ionic 
strength is increased. At or near physiological ionic strength, the 
presence of a reducing agent has little effect on solubility or filament 
morphology. 
15. Desmin and vimentin can copolymerize into heteropolymeric 
intermediate filaments with solubility properties intermediate between 
those of desmin and vimentin homopolymers. Electron microscope 
observations of negatively stained preparations of these heteropolymers 
show that they are longer than vimentin filaments polymerized under 
identical conditions. When the heteropolymers are incubated on-grid 
with either vimentin or desmin antibodies, the filaments are decorated 
fairly uniformly, indicating a relatively uniform distribution of the 
proteins within the heteropolymers. 
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